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Epothilone A, epothilone B, analogs of epothilone and libraries of epothilone analogs are synthesized. Epothilone A and B are known 
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• 1 - 

Epothilone Apa|oga 

Technical Field of the Invention- 

The present invention relates to epothilone A, epothiione 8, epothilone analogs, libraries of 
epothilone analogs, and methods for producing such compounds using solid phase and so- 
lution phase chemistries, their use for the therapy of diseases or for the manufacture of 
pharmaceutical preparations for the treatment of diseases, as well as to novel intermediates 
used in the synthesis of said compounds. 

Background of the Invention: 

Epothilone A (1, Figure 1) and epothilone B (2, Figure 1) are natural substances isolated 
from myxobacteria Sorangium cellulosum strain 90. These natural substances exhibit cyto- 
toxicity against taxol-resistant tumor ceils and may prove to have a clinical utility comparable 
or superior to Taxol. (For Taxol references see: Horwitz et ai. Nature 277, 665-667 (1979); 
Nicolaou et al. Angew. Chem. Int Ed. Engl. 33, 15-44 (1994).) Like taxol, the epothilones 
are thought to exert their cytotoxicity by induction of microtubule assembly and stabilization. 
(Bollag et al. Cancer Res. 55, 2325-2333 (1995); KowalsM et al. J. Biol. Chem. 272, 2534- 
2541 (1997).) Epothilones are reported to be about 2000-5000 times more potent than 
Taxol with respect to the stabilization of microtubules. Despite the marked structural diffe- 
rences between the epothilones and Taxol™, the epothilones were found to bind to the 
same region on microtubules and to displace Taxol™ from its binding site. (Graver et al. 
Seminars in Oncology 1992, 19, 622-638; Bollag «t al. Cancer Res. 1995, 55, 2325-2333; 
KowalsM et al. J. Bid. Chem. 1997. 272, 2534-2541; Horwitz et al. Nature 1979, 277. 665- 
667; Nicolaou et ai. Angew. Chem. Int Ed. Engl. 1 994, 33, 1 5-44.) Epothilones A and B 
have generated intense interest amongst chemists, biologists and clinicians due to their no- 
vel molecular architecture, important biological action and intriguing mechanism of action. 
(Hofle et si. Angew. Chem. Int Ed. Engl. 35, 1 567-1 569 (1 998); Qrever et al. Semin. Oncol. 
19, 622-838 (1982); Bollag et al. Cancer Res. 55, 2325-2333 (1995); Kowalski at al. J. Biol. 
Chem. 272, 2834-2841 (1907); Nicolaou et ai. Angew. Chem. Int Ed. Engl. 35, 2399-2401 
(1996); Meng et al. J. Org. Chem. 61. 7998-7999 (1996); Bertinato et al. J. Org. Chem. 61, 
8000-8001 (1 996); Schinzer et al. Chem. Eur. J. 2. 1 477-1 482 (1 996); Muizer et al. Tetra- 
hedron Lett. 37. 9179-9182 (1998): Claus et al. Tetrahedron Lett 38. 1359-1362 (1997); 
Gabriel et al. Tetrahedron Lett 38, 1363-1366 (1997); Balog et al. Angew. Chem. Int Ed. 
Engl. 35, 2801-2803 (1996); Yang et al. Angew. Chem. Int Ed. Engl. 38, 168-168 (1997); 
Nicolaou et al. Angew. Chem. Int Ed. Engl. 38, 525-527 (1997); Schinzer et al. Angew. 
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Chem. Int. Ed. Engl, 36, 523-524 (1997); Meng et al. J. Am. Cham. Soc. 119, 2733-2734 
(1997).) 

What is needed are analogs of epothilone A and B and libraries of analogs of epothilone A 
and B that exhibit superior pharmacological properties in the area of microtubule stabilizing 
agents. 

What is needed are methods for producing synthetic epothilone A, epothilone B, analogs of 
epothilone A and B, and libraries of epothilone analogs, including epothilone analogs pos- 
sessing both optimum levels of microtubule stabilizing effects and cytotoxicity. 

Summary of the Invention: 

The invention provides new ways of synthesis for epothilone derivatives with advantageous 
pharmacological properties, especially due to better activities when compared with Taxol or 
(especially with regard to the preferred compunds) comparable or better activities than than 
epothilones A or B, which, without said methods, would have been inaccessible, as well as 
new synthetic methods for the synthesis of epothilone A and epothilone B. 

In detail, the invention is directed to analogs of epothilone. More particularly, the invention 
is directed to compounds represented by the following structure (formula (I)): 




(I) 



wherein n is 1 to 5, preferably 3 or in a broader aspect of the invention 1 . In a preferred 
embbdiment, either R* is -ORi and R~ is hydrogen, or R* and R** together form a further 
bond so that a double bond is present between the two carbon atoms carrying R*andR"; 
R 1 is a radical selected from the group consisting of hydrogen (preferred) or methyl, or (in a 
broader aspect of the invention) a protecting group, especially from the group comprising 
ten- butyldimethylsilyl, trimethyisiiyt, acetyl, benzoyl, and ferf-butoxycarbonyt; R 2 is a radical 
selected from the group consisting of hydrogen, methylene and (preferably) methyl; R3 is a 
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radical selected from the group consisting of hydrogen, methylene and (preferably) methyl; 
R 4 is a radical selected from the group consisting of hydrogen (preferred) or methyl, or is a 
protecting group, preferably selected from the group consisting of fe/*butyldimethylsilyl, 
trimethylsilyl. acetyl, benzoyl, and fert-butoxycarbonyl; R 5 is a radical selected from the 
group consisting of hydrogen, methyl, -CHO, -COOH, -C0 2 Me, •C0 2 (fe*butyl), -C0 2 (/s> 
propyl), -C0 2 (phenyl), -C0 2 (benzyl), •CONH(furfuryl), -C0 2 (/Y.benzo-(2R,3S)-3- 
phenylisoserine), -CON (methyl) 2 , -CON (ethyl) 2 . -CONH (benzyl), -CH=CH 2 , HC=C- . and 

•CH 2 R 1 1 ; R 1 1 is a radical selected from the group consisting of -OH, -O-Trityl, -CMC-j-Cg 
alkyl), -(q-Ce alkyl). -O-benzyl, -O-allyl. -O-COCH3, -0-COCH 2 a, -0-COCH 2 CH 3 , -0- 
COCF3, -0-COCH(CH3) 2 , -0-CO-C(CH3) 3 , -0-CO(cyclopropane).-OCO(cyclohexane), -O- 
COCH»CH 2 , -0-CO-Phenyl, -0-(2-furoyl). -0-(N-benzo-(2R,3S)-3-phenytisoserine), -O 
cinnamoyl, -O-(acetyl-phenyl), -0-(2-thlophenesulfonyl), -S-^-Ce alkyl), -SH, -S-Phenyl, - 
S-Benzyl, -S-furfuryl. -NH 2 . -N 3 , -NHCOCH3, -NHCOCH 2 a. -NHCOCH 2 CH 3 , -NHCOCF 3 , 
•NHCOCH(CH 3 ) 2 . -NHCOCtCH^s, -NHCO(cyclopropane),-NHCO(cyclohexane). • 
NHCOCH«CH 2 , -NHCO- Phenyl, -NH(2-furoyt). -NH-(Mbenzo-(2R,3S)-3-phenylisoserine), • 
NH.(cinnamoyl), -NH-(acetyl-phenyl). •NH.(2-thtepnenesulfonyO, -F, -CJ, I, -CH 2 C0 2 H and 
methyl; Re is absent, methylene, or oxygen^ is hydrogen-: R 8 is a radical selected from 
the group represented by the for-mulas: 



wherein R, is a radical selected from the group consisting of hydrogen and methyl; R-, 0 is a 
radical selected from the group represented by the formulas: 
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and (in a broader aspect of the invention) 




and 




wherein Rx is acyl, especially lower alkanoyl, such as acetyl; 



Ri 2 is a radical selected from the group consisting of hydrogen, methyl or a protecting 
group, preferably fe/f butyldlphenylsilyl, tert-butytdlmethylailyl, thmethyisilyi, acetyl, benzoyl, 
tart- butoxycarbonyl and a group represented by any on of the following formulae 



0 HN. ^ 



or (in a broader aspect of the invention) a salt thereof where a salt-forming group is present 



Preferably, the compound of the formula I has the formula IA 
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or methyl, or (in a b 




OR, 



(IA) 



wherein the moieties and symbols have the manings just defined for a compound of the 
formula I. 

In the above structures, "a" can be either absent or a single bond; "b" can be either a single 
or double bond; "c" can be either absent or a single bond; "d". can be either absent or a 
single bond. However, the following provisos pertain: 

1 . If R 2 is methylene, then R3 is methylene; 

2. if R2 and R3 are both methylene, then " a " is a single bond; 

3. if R2 and R3 are selected from the group consisting of hydrogen and methyl, then 
the single bond " a " is absent; 

4. if n is 3, R2 is methyl, R3 is methyl, R 5 is selected from the group consisting of 
methyl and hydrogen, R$ is oxygen, R7 is hydrogen, Rg is represented by the 
formula: 



then R 1 and R4 cannot both be simultaneously hydrogen or methyl or acetyl; 

5. if R 6 is oxygen, then 'c* and "d" are both a single bond and 'b' is a single bond; 

6. if R 8 is absent, then 'c* and "d" are absent and 'b' is a double bond: 

7. if "b* is a double bond then R3. *c", and 'd' are absent; 




wherein R» is hydrogen, and R, 0 is represented by the formula 
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Especially preferred is the use of said compounds for the treatment of resistant (especially 
drug resistant) tumours or for the preparation of a pharmaceutical preparation for the 
treatment of drug resistant tumors, or a pharmaceutical preparation for or a method for the 
treatment of a mammal, especially a human, having a proliferative disease that is resistant 
to treatment with other chemotherapeutic agents, especially Taxol, for or by administration 
to a mammal, especially a human, in need of such treatment, and especially the use of the 
protected forms of the compounds for the synthesis of the free compounds. 

Brief Description of Figures: 

Figure 1 illustrates the structure and numbering of epothilone A (1) and B (2). 

Figure 2 illustrates the retrosynthetic analysis of the natural product compound epothilone A 

(1). 

Figure 3 illustrates the synthesis of 3 building block substrates wherein A) represents the 
synthesis of aldehyde 7 with reagents and conditions as follows: (a) 1 .05 equivalents of 
NaHMDS, 2.0 equivalents of n-CW, 3.0 equivalents HMPA, -78 to 25 °C , 5 hours; (b)1 .1 
equivalents of LiAIH 4 , THF, -78 °C, 15 minutes, 60% (2 steps); (c) 1 .5 equivalents of NMO, 
5 mo! % of TPAP, Methylene chloride. 4 A MS, 25 °C, 0.5 hour, 95%. NaHMDS » sodium 
bis(trimethylsilyl)amide; HMPA ■ hexamethytphosphoramide, NMO » 4-methylmorpholine-AA 
oxide; TPAP ■ tetrapropyi ammonium perruthenate; B) represents the synthesis of alcohols 
18a and 18b. Reagents and conditions: (a) 1.3 equivalents of TPSO, 2.0 equivalents of 
imidazole, DMF, 0 to 25 °C, 1 .5 hours (90% of 17a, 94% of 17b); (b) 1 .25 equivalents of 
tetravinyltin, 5.0 equivalents of n-BuU, THF, -78 °C, 45 minutes, then 2.5 equivalents of 
CuCN in THF, -78 to -30 °C; than 17a or 17b in THF, -30 °C. 1 hour, 18a (88%). 18b 
(83%) (TPS ■ SIPhjtBu); C) represents the synthesis of ketoacid 21 . Reagents and 
conditions: (a) 1 .2 equivalents of 19. 1.6 equivalents of NaH, THF. 0 •¥ 25 C, 1 hour. 99%; 
(b) CF 3 COOH:Methylene chloride (1:1). 25 C. 0.5 hour, 99%. 

Figure 4 illustrates the synthesis of the epothilone cyclic framework via olefin metathesis: 
the 15S series. Reagents and conditions: (a) 1.2 equivalents of EDC, 0.1 equivalent of 4- 
DMAP, Methylene chloride, 0 «* 25 °C, 12 hours. 86%; (b) 21. 1 .2 equivalents of IDA -78 
C * -40 °C, THF. 45 minutes; then 1.6 equivalents of 7 in THF, -78 * -40 °C, 0.5 h, 23 
(42%), 24 (33%); (c) 0.1 equivalent of Rua 2 («CHPh)(PCy3) 2 . methylene chloride, 25 °C, 
1 2 hours. 25 (85%), 26 (79%); (d) 2.0 equivalents of TBAF, 5.0 equivalents of AcOH. 25 °C. 
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36 hours, 27 (92%), 28 (95%). DCC = dicyclohexylcarbodiimide, 4-DMAP a 4-dimethylami- 
nopyridine, LOA » lithium diisopropylamide. 

Figure 5 illustrates the synthesis of the epothilone cyclic framework via olefin metathesis: 
the 1 SR series. Reagents and conditions: (a) 1 .4 equivalents of DCC, 1 .4 equivalents of 4- 
DMAP, toluene, 25 °C, 12 hours, 95%; (b) 21, 1.2 equivalents of LOA, -78 °C * -40 °C, 
THF, 45 minutes; then 1 .6 equivalents of 7 in THF, -78 «» -40 °C, 0.5 hour, 29 (54%), 30 
(24%); (c) 0.1 equivalent of RuCl2(*CHPh)(PCy3)2, methylene chloride, 25 °C, 1 2 hours, 
31 (80%), 32 (81%). 

Figure 6 illustrates the metathesis approach and epoxidation in the presence of thiazole: 
synthesis of epothilone analogs 39-44. Metathesis and epoxidation in the presence of 
thiazole: synthesis of epothilone analogs 39-44. Reagents and conditions: (a) 21, 2.3 
equivalents of LDA, -78 «* -30 °C, THF, 1 .5 hours; then 1 .6 equivalents of 7 in THF, -78 
«♦ -40 °C, 1 h (33:34, 2:3); (b) ca 2.0 equivalents of 6. ca 1 .2 equivalents of EDC, ca 0.1 
equivalent of 4-DMAP, methylene chloride. 0 ■* 25 °C, 12 hours, 38 (29%), 6 (44%) (2 
steps); (c) 0.1 equivalent of RuCl2(«CHPh)(PCy3)2. methylene chloride, 25 °C, 12 hours, 7 
(86%). 38 (66%); (d) 0.9-1 .2 equivalents of mCPBA, CHCI3, -20 ■» 0 °C, 12 hours, 37 -» 
39 (or 40) (40%), 40 (or 39) (25%), 41 (18%); 38 * 42 (or 43) (22%). 43 (or 42) (11%), 44 
(7%); (e) excess of CF3COCH3, 8.0 equivalents of NaHC03 . 5.0 equivalents of Oxone®, 
CH 3 CN/Na 2 EDTA (2:1), 0 °C, 37 39 (or 40) (45%), 40 (or 39) (28%); 38 - 42 (or 43) 
(60%), 43 (or 42) (1 5%). mCPBA » meta-chloroperbenzoic add. 

Figure 7 illustrates the coupling of building blocks 84. Reagents and conditions: (a) 8.2.3* 
equivaients of LOA, -78 ♦ -30*C. THF, 1.5 hours; then 1 .6 equivalents of 7 in THF, -78 ■* 
-40*C, 1 hour (48:40. 3:2); (b) ca 2.0 equivalents of 6, ca 1 .2 equivalents of EDC, ca 0.1 
equivalent of 4-OMAP, methylene chloride, 0 •» 25*C, 12 hours, 4 (52%), 47 (31%) (2 
steps). 

Figure 8 illustrates the epoxidation of epothilone framework: total synthesis of epothilone A 
(1) and analogs 81-87. Epoxidation of epothilone framework: total synthesis of epothilone 
A (1) and analogs 51-87. (a) 0.1 equivalent of RuCl2(«CHPh)(PCy3)2. methylene chloride, 
25 # C, 20 hours, 3 (46%). 48 (39%); (b) 20% CF3COOH in methylene chloride, 0 °C, 3 h, 3 
-» 49 (90%); 48-» 50 (92%); (c) 0.8-1.2 equivalents of mCPBA, CHCI3, -20 «► 0 'C, 12 
h, 49 ■» 1 (35%). 51 (13%). 52 (or 83) (9% ). 53 (or 52) (7%). 84 (or 88) (5%). 58 (or 84) 
(5%); 1 -> 84 (or 88) (35%%). 58 (or 84) (33%). 57 (6%); (d) 1.3-2.0 equivalents of mCPBA 
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CHCI3, -20 ■* 0 °C, 12 hours, 1 (15%), 81 (10%), 52 (or 53) (10% ), 53 (or 52) (8%), 54 (or 
55) (8%). 55 (or 54) (7%), 56 (5%), 57 (5%); (e) 1.0 equivalent of dimethytdioxirane. 
CH 2 CI 2 /acetone, 0 C, 1 (50%), 51 (15%), 52 (or 53) (5%), 53 (or 52) (5%); (f) excess of 
CF3COCH3, 8.0 equivalents of NaHC03 , 5.0 equivalents of Oxone®, CH 3 CN/Na 2 EDTA 
(2:1), 0C, 1 (62%), 51 (13%). 



Figure 9 illustrates the synthesis of epothilones 58-60. Reagents and conditions: (a) 0.9-1 .3 
equivalents of mCPBA, CHCI3, -20 to 0 °C, 12 hours, 58 (or 59) (5%), 59 (or 58) (5%), 60 
(60%); (b) 1 .0 equivalent of dimethytdioxirane, methylene chloride/acetone, 0 °C, 58 (or 59) 
(10%). 59 (or 58) (10%), 60 (40%); (c) excess of CF3COCH3, 8.0 equivalents of NaHC0 3 , 
5.0 equivalents of Oxone®, MeCN/Na 2 EDTA (2:1), 0 C, 58 (or 59) (45%), 59 (or 58) (35%). 

Figure 1 0 illustrates the synthesis of epothilones 6469. (a) 20% CF3COOH in methylene 
chloride, 0 °C, 3 h, 90%; (b) 0.1 equivalent of RuCl 2 (=CHPh)(PCy3) 2 , methylene chloride, 
25 °C, 20 h, 62 (20%), 63 (69%); (c) 0.8-1 .2 equivalents of mCPBA, CHCI3, -20 °0 C. 1 2 
hours. 62 •¥ 64 (or 65) (25%), 68 (or 64) (23%); 63 * 67 (or 68) (24%). 68 (or 67) (19%), 
69 (31%); (d) excess of CF3COCH3, 8.0 equivalents of NaHC0 3 , 5.0 equivalents of 
Oxone®, CH 3 CN/Na 2 EDTA (2:1), 0 C, 62 ■» 64 (or 68) (58%). 68 (or 64) (29%); 63*67 
(or 68) (44%), 68 (or 67) (21%). 

Figure 1 1 illustrates the molecular structures and retrosyntheOc analysis of epothilones A (1) 
and B (2) using the macrolactonization approach. 

Figure 1 2 illustrates the synthesis of 2 building block substrates wherein A) represents the 
synthesis of keto acid 76. Reagents and conditions: (a) 1 .2 equivalents of (+)-lpc 2 B(allyl), 
Et 2 0, -l00 a C, 0.5 hour. 74% (ee >98% by Mosher ester analysis); (b) 1.1 equivalents 
TBSOTf. 1.2 equivalents of 2.6-luHdlne, methylene chloride, 25'C, 98% ; (c) O3. methylene 
chloride. -78 B C. 0.5 hour then 1.2 equivalents PrvjP. -78 «♦ 25*C. 1 hour. 90%; (d) 3.0 
equivalents of NaCIO^ 4.0 equivalents of 2-methyl-2-butene. 1 .5 equivalents of NaH 2 P0 4 , 
<BuOH:H 2 0 (5:1), 25*C. 2 hours. 93%; B) represents the synthesis of phosphonium salt 79 
and aldehyde 62. Reagents and conditions: (a) 1 .6 equivalents of DIBAL, methylene chlo- 
ride, -78°C, 2 hours, 90%; (b) Ph 3 P«C(CH3)CHO, benzene, reflux, 98%; (c) 1.5 equivalents 
* of (+Hpc 2 B(allyl), Et 2 0, -100*C, 0.5 hour, 96% (ee >97% by Mosher ester analysis); (d) 
1 .2 equivalents TBSCI. 1 .5 equivalents of imidazole. DMF. 0 ■» 25*C. 2 hours. 99%; (e) i. 
1 .0 mol % Os0 4 , 1.1 equivalents of 4-methylmorpholine Atoxide (NMO). THF:SuOH:H 2 0 
(1 : 1 : 0.1). 0 * 25°C, 12 hours. 95%; ii. 1.3 equivalents of Pb(OAc) 4 , EtOAc, 0*C. 0.5 h. 



WO 98/25929 PCT/EP97/O70U 

-9- 



98%; (f) 2.5 equivalents of NaBH 4 , MeOH, 0°C, 15 minutes. 96%; (g) 1.5 equivalents of l 2 , 
3.0 equivalents of imidazole, 1 .5 equivalents of Ph 3 P, Et 2 0:MeCN (3:1), 0°C. 0.5 hour, 
89%; g. 1 .1 equivalents Ph 3 P, neat, 100 8 C, 2 hours, 98%. 

Figure 13 illustrates the synthesis of aldehyde 77 and ketone 78. Reagents and conditions: 
(a) 1 .1 equivalents of LDA. THF, 0°C, 8 hours; then 1 .5 equivalents of 4-iodo-1-benzyloxy- 
butane in THF. at -100 ■» 0°C, 6 h, 92% (de >98% by 1 H NMR); (b) 0 3 , methylene chloride, 
-78*C, 77% or Mel. 60°C. 5 hours; then 3 N aq HCI, n-pentane, 25'C, 1 hour, 86%; (c) 3.0 
equivalents of NaBH 4 , MeOH, O'C, 1 5 minutes, 98%; (d) 1 .5 equivalents of TBSCI, 2.0 
equivalents of Et 3 N, methylene chloride. 0 * 25'C, 12 hours. 95%; (e) H 2 , Pd(OH) 2 cat, 
THF, 50 psi, 25°C, 1 5 minutes, 95%; (f) 2.0 equivalents of (COCt) 2 . 4.0 equivalents of 
DMSO, 8.0 equivalents of Et 3 N, methylene chloride, -78 + 0°C, 1.5 hours, 98%; (g) 1 .5 
equivalents of MeMgBr, THF, 0*C 1 5 minutes, 84%; (h) 1 .5 equivalents of NMO, 0.05 
equivalent of tetra-^propylammonium perruthenate (TPAP), 4A MS, Methylene chloride, 
25°C, 45 min, 96%. 



Figure 14 illustrates the total synthesis of epothilone A (1) and its 6S,7frdlastereoisomers 
(111 and 1 1 2). Reagents and conditions: (a) 1 .2 equivalents of 79, 1 .2 equivalents of 
NaHMOS, THF, 0'C, 1 5 minutes, then add 1 .0 equivalent of aldehyde 77, O'C, 1 5 min, 77% 
{Z: Eca. 9: 1); (b) 1.0 equivalent of CSA portionwise over 1 hour, methylene chlori- 
de:MeOH (1 : 1), 0 -* 25'C, 0.5 hour, 86%; (c) 2.0 equivalents of SO^pyr., 10.0 equiva- 
lents of DMSO, 5.0 equivalents of Et 3 N, methylene chloride, 25'C, 0.5 hour, 94%; (d) 3.0 
equivalents of LDA, THF, 0*C, 1 5 minutes; then 1 .2 equivalents of 76 in THF, -78 •» -40'C, 
0.5 hour then 1 .0 equivalent of 74 in THF at -78*C, high yield of 103a and its 8S,7*diaste- 
reoisomer 103b (c*. 1 : 1 ratio); (e) 3.0 equivalents of TBSOTf, 5.0 equivalents of 2,6-lutldi- 
ne, Methylene chloride, 0*C, 2 hours; (f) 2.0 equivalents of K 2 C03, MeOH, 25'C, 15 min, 
31 % of 108 and 30% of 8S,7/Wiaatereoisomer 1 06 from 74; (g) 6.0 equivalents of TBAF, 
THF, 25'C, 8 hours, 78%; (h) same as g, 82%; (i) 5.0 equivalents of 2.4,6-trichlorobenzoyl- 
chloride, 6.0 equlvalenta of Et 3 N. THF, 25'C. 1 5 minutes; then add to a solution of 10.0 
equivalents of 4-DMAP in toluene (0.002 M based on 72), 25'C, 0.5 hour. 90%; (j) same as 
/. 85%; (k) 20% CF 3 COOH (by volume) in methylene chloride, O'C, 1 hour. 92%; (1) same 
as *; 95%; (m) methyl(triflucfomethyl)doxirane, MeCN, O'C, 75% (CM 5:1 ratio of diastereo- 
isomers); (n) same as m, 87% (111 : 112 ca 2 : 1 ratio of diastereoisomers, tentative stereo- 
chemistry). 
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Figure 15 illustrates the synthesis of compound 101. Reagents and conditions: (a) 1.5 equi- 
valents of I2. 3.0 equivalents of imidazole, 1 .5 equivalents of Ph 3 P, Et20:MeCN (3 : 1), 
0°C. 0.5 hour, 91%; (b) 1.1 equivalents Ph 3 P, neat, 100°C, 2 hours, 91%; (c) 1.2 equiva- 
lents of 114, 1 .2 equivalents of NaHMDS, THF, O'C, 15 minutes; then add 1 .0 equivalent of 
aldehyde 82, 0°C, 1 5 minutes, 69% (Z : E ca 9 : 1 ). 

Figure 1 6 illustrates the total synthesis of epothilone B (2) and analogs. Reagents and con- 
ditions: (a) 1.5 equivalents of 79, 1 .5 equivalents of NaHMDS, THF, 0°C, 1 5 minutes, then 
add 1 .0 equivalent of ketone 78, -20°C, 12 hours, 73% (Z : E ca 1 : 1); (b) 1 .0 equivalent of 
CSA portionwise over 1 hour, methylene chloride:MeOH (1 : 1), 0°C; then 25°C, 0.5 hour, 
97%; (c) 2.0 equivalents of S0 3 .pyr., 10.0 equivalents of DMSO. 5.0 equivalents of Et 3 N, 
methylene chloride, 25°C, 0.5 hour, 95%; (d) 3.0 equivalents of IDA, THF, 0°C, 15 minutes; 
then 1 .2 equivalents of 78 in THF, -78 + -40°C, 0.5 hour, then 1 .0 equivalent of 75' in THF 
at -78°C. high yield of 1 17a' and its 6S.7frdiastereoisomer 1 17b' (ca 1 : 1 ratio); (e) 3.0 
equivalents of TBSOTf , 5.0 equivalents of 2,6-lutidine, methylene chloride, 0°C, 2 hours; (f) 
2.0 equivalents of K 2 C0 3 , MeOH, 25°C, 15 minutes. 31% of 119* and 30% of 6S,7*dia- 
stereoisomer 120' from 75'; (g) 6.0 equivalents of TBAF, THF, 25*C, 8 hours, 75%; (h) 1 .3 
equivalents of 2,4,6-trichlorobenzoylchloride. 2.2 equivalents of Et 3 N, THF, 0°C, 1 hour 
then add to a solution of 10.0 equivalents of 4-DMAP in toluene (0.002 M based on 73*), 
25°C, 12 hours, 37% of 121; and 40% of 122; (i) 20% CF 3 COOH (by volume) in methylene 
chloride, -10* 0°C, 1 hour, 91%; Q) same as /, 89%; (k) dlmethyldloxirane, methylene 
chloride, -50'C, 75% (2 : 124 ca 5 : 1 ratio of diastereoisomers) or 1.5 equivalents of 
mCPBA, benzene, 3'C. 2 hours, 66% (2 : 124 ca 5 : 1 ratio of diastereoisomers) or me- 
thyl(trifluoromethyl)dioxirane. MeCN, 0'C, 85% (2 : 124 ca 5 : 1 ratio of diastereoisomers); 
(I) 1 .5 equivalents mCPBA, benzene. 3'C, 2 hours, 73% (128 : 128 ca 4 : 1 ratio of stereo- 
isomers) or methyl(trifluoromethyl)dioxirane, MeCN, 0*C, 86% (128 : 128 ca 1 : 1 ratio of 
diastereoisomers). 

Figure 1 7 illustrates the stereoselective synthesis of aldehyde 78 for epothilone B (2). Re- 
agents and conditions: (a) 1 .5 equivalents of 83, benzene, reflux, 5 hours, 95%; (b) 3.0 
equivalents of DIBAL, methylene chloride, -78'C, 2 hours, 98%; (c) 2.0 equivalents of 
Ph 3 P, CCI4, reflux, 24 hours, 83%; (d) 2.0 equivalents of LiEt 3 BH, THF, 0'C, 1 hour, 99%; 
(e) 1 .2 equivalents of 9-BBN, THF, 0'C, 2 hours, 91 %; (f) 15 equivalents of l 2 . 3.0 equi- 
valents of imidazole, 1 .5 equivalents of Ph 3 P, Et 2 0:MeCN (3:1), O'C, 0.5 hour, 92%; (g) 
1 .5 equivalents of 80, 1 .5 equivalents of IDA, THF, O'C. 8 hours; then 1 .0 equivalent of 81 
in THF, -100 •> -20'C. 10 hours, 70%; (h) 2.5 equivalents of monoperoxyphtnalic acid. 
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magnesium salt (MMPP), MeOH:phosphate buffer pH7 (1:1), 0°C, 1 hour , 80%; (i) 2.0 
equivalents DIBAL, toluene, -78°C, 1 hour, 82%. 

Figure 1 8 illustrates the first stereoselective total synthesis of epothilone B (2). Reagents 
and conditions: (a) 3.0 equivalents of LDA. THF, O'C, 1 5 minutes; then 1 .2 equivalents of 
76 in THF, -78 «*■ -40°C, 0.5 hour, then 1 .0 equivalent of 75 in THF at ^'C, high yield of 
117s and 6S,7fl-dlastereoisomer 117b (ca 1 .3 : 1 .0 ratio of diastereoisomers); (b) 3.0 equi- 
valents of TBSOTf, 5.0 equivalents of 2,6-lutldlne, methylene chloride, O'C, 2 hours; (c) 2.0 
equivalents of K2CO3, MeOH, 25°C, 1 5 minutes, 32% of 1 19 and 28% of 6&7ftdiastereo- 
isomer 119 from 75; (d) 6.0 equivalents of TBAF, THF, 25°C, 8 hours, 73%; (e) same as d, 
71%; (f) 5.0 equivalents of 2,4,6-trichlorobenzoylchloride, 8.0 equivalents of Et 3 N, THF, 
25°C, 1 5 minutes, then add to a solution of 10.0 equivalents of of 4-OMAP in toluene (0.002 
M based on 73), 2S'C, 12 hours, 77%; (g) same as f, 76%; (h) 20% CF3COOH (by volume) 
in methylene chloride, 0*C, 1 hour, 91%; (i) see Figure 16. 

Figure 1 9 illustrates the second stereoselective synthesis of epothilone B (2). Reagents 
and conditions: (a) 1.2 equivalents of LDA, THF, O'C, 15 minutes; then 1.2 equivalents of 
136 in THF, -78 •» -40°C. 1 hour then 1 .0 equivalent of 75 in THF at -78'C, 85% of 137 
and 6S,7A-diastereoisomer 138 (ca3 : 1 ratio); (b) 1.2 equivalents of TBSOTf, 2.0 equi- 
valents of 2,8-lutidine, methylene chloride, O'C. 2 hours, 96%; (c) 1 .0 equivalent of CSA 
portionwise over 1 hour, methylene chloride.MeOH (1 : 1), 0 25*C, 0.5 hour. 85%; (c) 2.0 
equivalents of (COCJ) 2 . 4.0 equivalents of OMSO, 6.0 equivalents of Et 3 N, methylene 
chloride, -78 + 0*0, 1 .5 hours, 95%; (d) 3.0 equivalents of NaClC^, 4.0 equivalents of 2- 
methyl-2-butene. 1.5 equivalents of NaH 2 P0 4 . SuOH:H 2 0 (5:1), 25 °C, 2 hours. 90%. 

Figure 20 iilustrates the retrotynth Hc analysis of epothilone A (1) by a solid phase olefin 
metathesis strategy wherein TBS « f-BuMe^i; filled circle ■ polystyrene. 

Figure 21 illustrates the solid phase synthesis of epothilone a wherein: (a) 1 ,4-butanediol 
(5.0 eq.), NaH (5.0 eq.). n-Bu 4 NI (0.1 eq.), OMF, 25 C. 12 hours; (b) Ph 3 P (4.0 eq.). I 2 
(4.0 eq.). imidazole (4.0 eq.), methylene chloride. 25 C, 3 hours; (c) Ph 3 P (10 eq.), 90 C, 
1 2 hours (>90 % fdr 3 steps based on mass gain of polymer); (d) NaHMDS (3.0 eq.), 
THF:0MSO (1:1), 25 C, 12 hours; (e) 149 (2.0 eq.). THF. 0 C, 3 hours (>70% based on 
aldehyde recovered from ozonoiysis); (f) 10% HF«pyridine in THF, 25 C, 12 hours; (g) 
(COC0 2 (4.0 eq.). OMSO (8.0 eq.). Et 3 N (12.5 eq.). -78 2rC(ca. 95% tor 2 steps)*; (h) 
144 (2.0 eq.), LDA (2.2 eq), THF, -78 -40 C, 1 hour, then add resulting enolate to the resin 
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suspended in a ZnC»2 (2-0 eq.) solution in THF, -78 * -40 °C, 2.0 hours (ca 90%)*; (i) 143 
(5.0 eq.), DCC (5.0 eq), 4-DMAP (5.0 eq.). 25 C, 15h (80% yield as determined by recove- 
red heterocycle fragments obtained by treatment with NaOMe); (j) 153 (0.75 eq.), methyle- 
ne chloride, 25 C, 48 hours (52%; 154:155:156:141 » ca. 3:3:1:3); (k) 20% TFA in methy- 
lene chloride (v/v), 92% for 157 and 90% for 158; (I) 160 [methyl(trifluoromethyl)dioxirane], 
MeCN, 0 °C, 2 hours (70 % for 1, 45 % for 159; in addition to these products, the corres- 
ponding a-epoxides were also obtained). NaHMOS « sodium bis(trimethylsilyl) amide; 
DMSO = dimethyl sulfoxide; LDA a lithium diisopropyiamide; TBS ■ f-BuMegSi; 4-OMAP » 
4-dimethylaminopyridine. * Estimated yield. The reaction was monitored by infrared (IR) 
analysis of polymer-bound material and by TLC analysis of the products obtained by 
ozonolysis. 

Figure 22 illustrates activity of epothilones on tubulin assembly. Reaction mixtures contai- 
ned purified tubulin at 1 .0 mg/ml, 0.4 M monosodium glutamate, 5% dimethyl sulfoxide, and 
varying drug concentrations. Each compound was evaluated in three dlffrerent experiments 
and average values are shown. Samples were incubated, centrifuged, and processed at 
room temperature (dark circle = 71 , EC50 = 3.3 1 0.2 \tM; dark triangle » 2, EC50 » 4.0 ± 
0.1 vM; open circle ■ 1, EC50 » 14 1 0.4 \iM; open square = taxol, EC50 * 15. ± 2 \iM; open 
triangle = 125, EC 50 » 22 ± 0.9 \tM; dark square = 156, EC50 « 25 * 1 >iM; open upside 
down triangle = 123. EC50 « 39 ± 2 nM. The EC50 is defined as the drug concentration that 
causes 50% of the tubulin to assemble into polymer. In the absence of drug, less than 5% 
of the tubulin was removed by centrifugation, while with high concentrations of the most 
active drugs, over 95% of the protein formed polymer. This suggests that at least 90% of 
the tubulin had the potential to interact with epothilones and taxoids. Although the EC50 
value obtained for Taxol was higher than that obtained in an alternate assay as described in 
Hofle et al. Angew. Chem. Int Ed. EnglU. 1567-1569 (1996), the agent's role in these 
experiments was only as a control. 

Figure 23 provides a table of results from cytotoxicity experiments with 1 A9, 1A9PTX10 (8- 
tubulin mutant), 1A9PTX22 (B-tubulin mutant) and A2780AO ceil lines showing relative acti- 
vities of epothilones A (1) and B (2) as compared with synthetic analogues 71 , 168, 123 and 
125 as inducers of tubulin assembly and inhibitors of human ovarian carcinoma ceil growth, 
(a) See Figure 22; (b) The growth of all ceils lines was evaluated by quantitation of the pro- 
tein in microliter plates. The parental cell line 1 A9, a clone of the A2780 ceil line, was used 
to select two Taxoi-resistant sublines (1 A9PTX10 and 1A9PTX22). These sublines were 
selected by growth in the presence of Taxol and verapamil, a P-gtycoprotein modulator. 
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Two distinct point mutations in the B-tubulin isotype M40 gene were identified. In 1A9PTX10 
amino acid residue 270 was changed from Phe (TTT) to Val (GTT), and in 1A9PTX22 resi- 
due 364 was changed from Ala (GCA) to Thr (ACA). The A2780AD line is a multidrug resis- 
tant (MDR) line expressing high levels of P-glycoprotein. Relative resistance refers to the 
ratio of the IC 50 value obtained with a resistant cell line to that obtained with the parental 
cell line. 

Figure 24 illustrates the structure and numbering of epothilone A (1) and epbxaione A (2). 

Figure 25 illustrates the coupling of building blocks and construction of precursors 164 and 
168. Reagents and conditions: (a) 2.4 equivalents of LDA, -40 °C. THF, 1.5 hours, then 7 
in THF, -40 °C, 0.5 hour 94% (48:46 ca 5:3); (b) 1.2 equivalents of (+)-lpc 2 B(a)lyl), E^O, - 
100 °C, 0.5 hour, 91%: (c) 2.0 equivalents of 163, 1.5 equivalents of DCC, 1.5 equivalents 
of 4-OMAP, toluene. 25 *C, 12 hours. 49%(164) plus 33%(168) for two steps. TBS = tert- 
butyidimethylsiiyt; lpc2B(allyl) = diisopinocampheylallyt borane; LDA a lithium diisopropyt- 
amide; OCC * dicyclohexytcarbodiimide; 4-OMAP » 4-dimethylaminopyridine. 

Figure 26 illustrates the olefin metathesis of precursor 164 and synthesis of epoxaiones 
161, 171, 170 and 172. Reagents and conditions: (a) 20 mol % of RuCI 2 («CHPh)(PCy3) 2 
cat. CH 2 CI 2 . 25 °C. 20 hours. 40% (166) plus 29% (167); (b) 20% TFA in CH 2 Q 2 , 25 °C. 2 
h, 89% (168), 95% (188); (c) CH 3 CN/Na 2 EDTA (2:1), 10.0 equivalents of CF3COCH3, 8.0 
equivalents of NaHCQ3, 3 0 equivalents of Oxone®, 0 C, 34% (161) plus 15% (170), 25% 
(171) plus 20% (172). TFA » trifluorqacetic add. The tentative stereochemical assignments 
of epoxides 161, 171, 168, 168, 170 and 172 were based on the higher potencies at 161 
and 171 in the tubulin polymerization assay as compared to those of 170 and 172 respec- 
tively (see Figure 28). 

Figure 27 illustrates the olefin metathesis of C8-7 diastereomeric precursor 168 and syn- 
thesis of epoxaiones 178*180. Reagents and conditions, (a) 20 mol % of 
RuCl 2 (=CHPh)(PCy3) 2 cat, CH 2 CI 2 , 25 C, 20 hours. 25% (173) plus 63% (174); (b) 20% 
TFA in CH 2 CI 2 . 25 C, 2 hours, 75% (175). 72% (176); (c) CH 3 CN/Na 2 EDTA (2:1). 10.0 
equivalents of CF3COCH3, 8.0 equivalents of NaHC03 . 3.0 equivalents of OxoneO, 0 °C. 
38% (177) plus 17% (178), 22% (179) plus 13% (180). 

Figure 28 illustrates the effect of epoxaiones, epothilones and Taxoi on tubulin polymeriza- 
tion. The Rltratksn-Colorimetric Assay was used for epothilones A and B except for the 
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30 °C incubation temperature (instead of 37 C) and the pure tubulin (instead of microtubule 
protein). After initial screening of all epoxalones (161, 168, 169, 170, 171, 172, 178, 176, 
177, 178, 179, and 180) at 20 mM concentrations, the most potent ones (161, 168, 169, 
171 and 172) were tested together with epothilones A (1 ) and B and Taxol at 01 , 1 .0, 2.0, 
3.0, 4.0 and 5.0 mM. B = epothilone B; T = Taxol. 

Figure 29 illustrates the synthesis of epothilone analogs 192, 193, 194 and 198. 

Figure 30 illustrates the synthesis of epothilone analogs 199, 200, 201, 202, 203, 204, 208, 
206, 207, 208, 209, and 210. 

Figure 31 illustrates the synthesis of phosphonium analog 220. 

Figure 32 illustrates the synthesis of epothilone advanced intermediate macrolides 229 and 
230. 

Figure 33 illustrates the synthesis of epothilone analogs 233, 234, 238, and 238. 

Figure 34 illustrates the synthesis of advanced intermediate nitrite 244. 

Figure 35 illustrates the synthesis of epothilone analog 249. 

Figure 36 illustrates the synthesis of epothilone analog 229. 

Figure 37 illustrates the synthesis of advanced intermediate aldehyde 287. 

Figure 38 illustrates the synthesis of epothilone analog 283. 

Figure 39 illustrates the synthesis of epothilone analog 286. 

Figure 40 illustrates the retrosynthetic analysis of 4,4-ethano epothilone A analog 287 . 

Figure 41 illustrates the synthesis of ketoacid 272. Reagents and conditions: (a)l.3equiv 
of BrCHaCHaBr, 3.0 equiv of KjCO* DMF, 25 C, 15 h, 60%; (b) 2.0 equiv of UAlhU. EtaO, - 
20 to °0 C, 2.5 h. 93%; (o) 4.0 equiv of DMSO, 3.0 equiv of (COO)2. 8.0 equiv of EttN, 
CHaCla. -78 to °0 C, 64%; (d) 1 .1 equiv of (+)-lpc2B(allyl). Etrf>. -100 °C; (e) 3.8 equiv of 
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TBSOTf, 4.6 equiv of 2,6-lutidine, CHjCl a , -78 °C; (f) 4.1 equiv of Nal0 4 , 0.05 equiv of 
RuCIj-HjO. MeCN:H 3 0:CCU (2:3:2), 25 C, 43% for 3 steps. DMSO = dimethyl sulfoxide; 
TBS = tert-butyldimethylsilyl; (+)-lpc2B(allyl) = diisopinocampheylallyi borane. 

Figure 42 illustrates the coupling of building blocks and construction of advanced intermedi- 
ates 269 and 278. Reagents and conditions: (a) 2.4 equiv of LDA, -30 °C. THF, 2 h, then 
7 in THF, -30 °C, 0.5 h, (29:36 ca. 2:3); (c) 2.5 equiv of 30, 1 .2 equiv of EOC, 0.1 equiv of 
4-DMAP,CH 3 Cta, 0/E2S °C, 2 h, 15% (269) plus 36% (278) for two steps. TBS = tert-butyl- 
dimethylsilyl; LDA s lithium diisopropytamide; EOC ■ 1-Ethyt-(3-dimethylaminopropyl)-3-car- 
bodiimide hydrochloride; 4-OMAP » 4-dimethylaminopyridine. 

Rgure 43 illustrates an olefin metathesis of diene 269 and synthesis of 4,4-ethano epothi- 
lone A analogs and 282-284. Reagents and conditions: (a) 10 md % of 
RuOa(*CHPh)(PCy,) a , CHad* 25 C, 2 h, 37% (268) plus 35% (279); (b) 25% HF«Py in 
THF, 0 to 25 °C, 28 h, 65% (280), 62% (281); (c) CHaCta:CH*CN:NaaEDTA (1 :2;1 .5), 50 
equiv of CF 3 COCH 3 , 1 1 equiv of NaHCO* 7.0 equiv of Oxonefc, 0 °C, 50% (267 or 282) 
plus 29% (282 or 267); 1 1 % (283 or 284) plus 31% (284 or 283). 

Rgure 44 illustrates the olefin metathesis of C6-C7 diastereomeric diene 278 and synthesis 
of 4,4-ethano epothilone A analogs 289-292. Reagents and conditions: (a) 9 mo! % of 
Ruda(»CHPri)(PCya) to CHrf*, 28 C, 1 h, 18% (285) plus 58% (286); (b) 25% HF'Py in 
THF, 0 to 25 °C, 22 h, 54% (287). 76% (288); (c) CHaQa:CHjCN:NaaEDTA (4:4:1 ). 50 equiv 
of CFjCOCHj, 16 equiv of NaHCO* 10 equiv of Oxone*. 0 °C. 39% (289 or 290) plus 35% 
(290 or 289); 22% (291 or 292) plus 27% (292 or 291). 

Rgure 49 illustrates the molecular structure and retrosynthetic analysis of the 4,4-ethano 
analog of epothilone B (267). R1 « TBS * SifluMe 2 . 

Rgure 46 Illustrates the synthesis of ketone 294. Reagents and conditions: (a) 0 3 . CH 2 CI 2 . 
-78 0.5 h; then 1.2 equiv. PhjP. -78 ■» 25 °C, 1 h, 90%; (b) 1.1 equiv. of UAI(OtBu) 3 H, 
THF, -78 «* 0 °C, 15 min; (c) 2.0 equiv. of TBSCI, 3.0 equiv. of EtaN, 0.02 equiv. of 4- 
0MAP, CHaCI,, 0 •» 25 'C, 12 h, 83% for 2 steps. 

Rgure 47 illustrates the total synthesis of 4.4-ethano analogs of epothilone B. Reagents 
and conditions: (a) 1 .5 equiv. of LDA, THF. 0 °C. 1 5 min; then 1 .4 equiv. of 294 in THF, -78 
* -60 'C, 1 h; then 1 .0 equiv. of 78 in THF at -78 8 C. 24% of 297 and 47% of its 6S,7*dia- 
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stereoisomer 298 (ca 1 : 2 ratio); (b) 1 .2 equiv. of TBSOTf, 2.0 equiv. of 2.6-lutidine, CHjCIj, 
0 °C, 2 h, 92%; (c) 1 .0 equiv. of CSA portionwise, CH2CI2:MeOH (1 : 1 ), 0 25 °C, 0.5 h, 
74%; (d) same as 6, 89%; (e) same as c 60%; (f) 2.0 equiv. of (COCI) 2 , 4.0 equiv. of 
DMSO, 6.0 equiv. of EtaN, CH2CI2. -78 * 0 °C, 1.0 h, 96%; (g) same as f, 69%; (h) 6.0 
equiv. of NaCI0 2 , 10.0 equiv. of 2-methyl-2-butene, 3.0 equiv. of NaHaPO* !BuOH:H 2 0 
(5:1), 25 °C. 0.5 h, 91%; (i) 6.0 equiv. of TBAF, THF, 25 °C, 8 h, 62%; (j) same as h, 99%; 
(k) same as /, 50%; (I) 1 .1 equiv. of 2,4,6-trichlorobenzoyichloride, 2.2 equiv. of EUN, THF, 0 
°C, 1 h; then add to a solution of 2.0 equiv. of 4-DMAP in toluene (0.002 M based on 293), 
25 °C, 3 h, 70%; (m) same as /, 72%; (n) 20% HP«pyr (by volume) in THF, 0 * 25 °C, 24 h, 
92%; (o) same as n, 90%; (p) methyl (trHtooromethyl)dioxirane, MeCN, 0 °C, 86% (267 : 311 
ca 8 : 1 ratio of diastereoisomers); (q) same as p, 89% (312 : 313 ca 2 : 1 ratio of diastereo- 
isomers). 

Figure 48 illustrates ORTEP view of compound 309. 

Figure 49' illustrates the synthesis of key aldehydes 320, 321, 323 and 329. 

Figure 50 illustrates the solid phase strategy for the synthesis of epothitone analogs with 
key intermediates 330, 331 and 332 and employing the metathesis approach. 

Figure 51 illustrates the retroaynthetic analysis and strategy for the total synthesis of epothi- 
tone E and side chain epothitone analogs. Aro = aromatic moiety. 

Figure 52 illustrates the synthesis of epothitone analogs via the Stille coupling reaction. 

Figure 53 illustrates the synthesis of recommended stannanes for the synthesis of epothi- 
tone analogs via the Stifle coupling reaction. 

Figure 54 shows a table of achieved compounds using the noted stannanes. Compound 
356 and 387 are stereoisomers of each other wherein 388 is the cis olefin and 387 repre- 
sents the trans olefin analog with indicated yield. 

Figure 55 shows a table of achieved compounds using the noted stannanes. Compound 
388 and 387 are stereoisomers of each other wherein 388 is the cis olefin and 387 repre- 
sents the trans olefin analog with indicated yield. 
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Figure 56 illustrates the synthesis of epothilone E. Reagents and conditions: (a) 33 equiv 
of HjOa, 60 equiv of CH 3 CN, 9.0 equiv of KHCOj, MeOH, 2S C. 4 h, 65% (based on 50% 
conversion). 

Figure 57 illustrates the synthesis of 26-hydroxycompounds. Reagents and conditions: (a) 
1 .3 equiv. of AcaO, 1.0 equiv. of 4-DMAP, EtOAc, 0 °C. 0.5 h, 95%; then 25% HF»pyr. (by 
volume) in THF, 0 * 25 e C, 24 h, 92%; (b) 3.0 equiv. of pivalcyl chloride, 4.0 equiv. of EtaN. 
0.05 equiv. of 4-DMAP, CHaCta, 0 °C, 0.5 h, 93%; then desilylation as in (a), 90%; (c) 3.0 
equiv. of benzoyl chloride, 4.0 equiv. of EtaN, 0.05 equiv. of 4-OMAP, CHjCIa, 0 °C, 0.5 h, 
85%; then desilylation as in (a), 90%; (d) 5.0 equiv. of MnO* EtjO, 25 °C, 3 h, 85%; (e) 5.0 
equiv. of NaClOa, 70 equiv. of 2-methyl-2-butene, 2.5 equiv. of NaHaP0 4 , ©uOHHaO (5:1), 
0 °C, 0.5 h, 98%; (f) CH2N2, Et20, 0 e C. 80%; (g) 4.0 equiv. of Ph3P, CCI4, 75 8 C, 24 h, 
85%; then desilylation as in (a). 86%; (h) 1.1 equiv. of NaH, 20 equiv. of Mel, DMF, 0 °C, 1 
h, 65%; then desilylation as in (a). 89%; (i) 1.1 equiv. of NaH, 20 equiv. of BnBr, 0MF, 0 4 
25 °C, 1 h, 40%; then desilylation as in (a). 87%; (j) 1 .1 equiv. of OAST, CHaOa. -78 -» 29 
e C. 1 h, 60%; then desilylation as in (a). 85%; (k) 5.0 equiv. of MnOa, Et*0, 25 °C, 3 h, 
90%; then 2.0 equiv. of Ph,P+CH»Br-, 2.0 equiv. of LiHMDS, THF, 0 °C 85%; then desily- 
lation as in (a), 85%; (aO 1 .1 equiv. of AcjO, 1 .0 equiv. of 4-OMAP, EtOAc, 0 °C, 0.5 h, 
90%; (b') 3.0 equiv. of pivaloyi chloride, 4.0 equiv. of EtaN, 0.05 equiv. of 4-OMAP, CHjOa, 
0 °C. 0.5 h. 90%; (O 1 .2 equiv. of benzoyl chloride, 4.0 equiv. of EtaN, 0.05 equiv. of 4- 
OMAP, CHaCIa, 0 °C, 0.5 h, 75%; (d 1 ) 1 .5 equiv. of TEMPO (0.008 M solution in CHaOa), 1 0 
equiv. of NaOCI (0.035 M solution in 5% aqueous NaHCOa). 0.1 equiv of KBr (0.2 M aque- 
ous solution), CHaCtt, 0 *C, 0.5 h. 75%; (e 1 ) 5.0 equiv. of NaO0 2 , 70 equiv. of 2-methyl-2- 
butene, 2.5 equiv. of NaH2P04, fiuOH:H20 (5:1). 0 °C, 0.5 h, 95%; (f) CHaN* EtaOEtOAc 
(1 : 2), 0 -C. 2 h. 90%; (fl 4.0 equiv. of PhaP, CHaCN:CCU (1 : 3), 25 *C, 1 h, 85%; (h 1 ) 1.1 
equiv. of NaH, 20 equiv. of Mel, 0MP, 50%; (0 1 .3 equiv. of TsCI, 2 equiv. of triethylamine, 
0.1 equiv. of DMAP, methylene chloride, 0 C, 1 h 85%, then 3 equiv. of Nai, CH 3 C(0)CH 3 , 
25 C, 10H, 85% of 1000T; (ft 1.1 equiv. of OAST, methylene chloride, -78 to 25 °Clh. 65% 
of 1 000J'; 00 6 equiv. of TMSCt, 1 0 equiv. of triethylamine. methylene chloride 0 to 25 °C, 
10h, 67%, then 2 equiv. of Ph 3 P€H 3 Br, 2.0 equiv. of NaHMDS, THF, 0 to 25 °C, 75%, then 
HF.pyr in pyridine. THF, 0 to 25 °C. 3h. 97% of 1 000K*; (ft same as (h% 55% of 1 000T; Bn * 
benzyl; OAST = diethylaminosulfur trifluoride; LiHMDS * lithium bis(trimethylsilyl)amide; 
TEMPO » 2,2.6.6-tetramethyt-l-piperidinyioxy. free radical. 

Figure 58 illustrates synthesis of 26- halogen substituted epothilone analogs. 
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Figure 59 illustrates synthesis of 26- alkoxy substituted epothiione analogs. 

Figure 60 illustrates synthesis of 26- ester substituted epothiione analogs (top scheme) and 
26- thio ether substituted epothiione analogs (bottom scheme). 

Figure 61 illustrates synthesis of 26- amine substituted epothiione analogs. 

Figure 62 illustrates synthesis of 26* aldhehyde substituted epothiione analog 414 and 26- 
acid and ester substituted epothiione analogs 415 and 416. 

Figure 63 illustrates epothiione structure activity relationships (tubulin binding assay): A: 
3S -stereochemistry important; B: 4,4-ethano group not tolerated; C: 6ft,7S»stereoche- 
mistry crucial; D: 8S-stereochemistry important 8,8-dimethyl group not tolerated; E: epoxi- 
de not essential for tubulin polymerization activity, but may be important for cytotoxicity; ep- 
oxide stereochemistry may be important; R group important; both olefin geometries tolera- 
ted; F: ISSstereochemistry important; Q: bulkier group reduces activity; H: oxygen 
substitution tolerated; I: substitution important; J: heterocycle important 

Figure 64 shows a table of achieved compounds using both metathesis and esterification 
procedures with noted % tubulin polymerization accomplished via each analog. 

Figure 65 shows a table of achieved compounds using both metathesis and esterification 
procedures with noted % tubulin polymerization accomplished via each analog. 

Figure 66 is as shown and noted at follows: [a] From Figures 64-65 [b] Assay performed 
as described vida supra; reaction mixtures contained 10 mM purified tubulin, 0.7 M mono- 
sodium glutamate, 5% DM80 and drug; incubation was for 20 min at room temperature 
and reaction mixtures were centrtfuged at 14,000 rpm; supernatant protein concentration 
was measured and the EC50 value is defined as the drug concentration resulting in a 50% 
reduction in supernatant protein relative to control values; each EC50 value shown is an 
average obtained in 2-4 independent assays, with standard deviations within 20% of the 
average, [c] Ceil growth was evaluated by measurement of increase in cellular protein, [d] 
„ The parental ovarian cell line, derived as a clone of line A2780. was used to generate 
Taxol-resistant cell lines by incubating the cells with increasing concentrations of Taxol with 
verapamil; the cells were grown in the presence of drug for 96 h; values shown in the 
Figure were single determinations, except for those of Taxol. 1 and 2 (average of 6 determi- 
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nations each); the values for t and 2 are averages of data obtained with both synthetic and 
natural samples (generously provided to E.H. by Merck Research Laboratories), which did 
not differ significantly, [e] The MCF7 cells were obtained from the National Cancer Institute 
drug screening program; cells were grown in the presence of drug for 48 h; each value 
represents an average of two determinations, [f] Relative resistance is defined as the IC 50 
value obtained for the -tubulin mutant line divided by that obtained for the parental cell line. 

Figure 67 illustrates the structures and numbering of [n]-epothilones A, where n = 1 - 5. 

Figure 68 illustrates the synthesis of aldehydes 101S and 1016. Reagents and conditions: 
(a) 2.0 equiv. of Pt^P+CH^Br-, 1.98 equiv of NaHMDS, THF, 0 *C, 15 min; then 1.0 equiv 
of 1006 in THF, 0 °C, 0.5 h, 95%; (b) 1 .5 equiv. of 9-BBN 0.5 M, THF, 25 °C, 3 h; then 8 
equiv. of 3 N NaOH and 6.0 equiv of 30% H 2 0 2 . 0 °C, 1 h, 85%; (c) 2.0 equiv of (COCQ 2> 
4.0 equiv of DMSO, 6.0 equiv of Et 3 N, CH^, -78 to 0 °C. 1 .5 h, 98%; (d) 1 .2 equiv of 
1010, 1.2 equiv of NaHMDS, THF, 0°C. 15 min; then add 1.0 equiv of aldehyde 1006 or 
1007, 0 °C, 15 min, 77% (2: Eca. 9 : 1) for 1011 or 83% (2: Eca. 9 : 1) for 1012; (e) 1.0 
equiv of CSA added portionwise over 1 h, CH 2 Ci 2 :MeOH (1 : 1), 0 to 25 °C, 0.5 h, 81% for 
1013 and 61% for 1014; (f) 2.0 equiv of SO^pyr., 10.0 equiv of DMSO, 5.0 equiv of Et 3 N, 
CH 2 CI 2 . 25 °C, 0.5 h, 81% for 1015 and 84% for 1016. NaHMDS » sodium bis(trimethyt- 
silyl)amide; 9-BBN « 9-boraoicyclo(3.3.1]nonane; DMSO = dimethylsulfoxide; CSA » 10- 
camphorsulfonic acid; TBS ■ ferfbutykUmethylsilyl. 

Figure 69 illustrates the synthesis of aldehydes 1033 and 1038. Reagents and conditions: 
(a) 1 .5 equiv of l 2 . 3.0 equiv of imidazole, 1.5 equiv of Ph 3 P. Et^rMeCN (3 : 1). 0 °C. 0.5 
h, 95%; (b) 1.1 equiv of Ph 3 P, neat. 100 # C, 2 h. 97%; (c) 1 .5 equiv of Ph 3 P, neat. 100 e C, 
7 h, 99%; (d) 1 2 equiv of 1019 or 1021, 1 .2 equiv of NaHMDS, THF, 0 *C, 15 min; then 
add 1.0 equiv of aldehyde 1022, 0 *C. 15 min, 85% (2: S ca 9 : 1) for 1023. 79% (2: Eca 9 
: 1 ) for 1026; (e) 1 .0 equiv of CSA added portionwise over 1 h, CH^MeOH (1 : 1 ). 0 TO 
25 °C. 3 h, 99% for 1024, 95% for 1027; (f) 1 .5 equiv of l 2 . 3.0 equiv of imidazole. 1 .5 equiv 
of Ph 3 P. Et 2 0:MeCN (3 : 1), 0 *C. 0.5 h, 84% for 1029. 98% tor 1028; (g)1 .5 equiv of 1029. 
1 .5 equiv of IDA, THF. 0 *C, 1 6 h; then 1 .0 equiv of 1028 or 102S in THF. -100 TO -20 °C, 
10 h. 60% tor 1030. or 82% tor 1031; (h) 2.5 equiv of monoperoxyphthalic acid, magnesium 
salt (MMPP), MeOH:phosphate buffer pH7 (1:1). 0 'C. 1 h. 99% tor 32, 96% for 1034; (i) 2.0 
equiv DIBAL, toluene, -78 # C, 1 h, 90% for 1033, 81% tor 1036. IDA - lithium diisopropyl- 
amide; DIBAL » diisobutylaluminum hydride. 
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Figure 70 illustrates the synthesis of epothilone A analogs 1002*1008. Reagents and condi- 
tions: (a) 1 .2 equiv of LDA, THF, 0 °C, 1 5 min; then 1 .2 equiv of 1036 in THF. -78 °C, 1 h; 
then 1 .0 equiv of aldehyde (1018, 1016, 1033, 1038) in THF at -78 °C, 71% for 1037 (sing- 
le diastereoisomer), 72% for 1038 and its 6S,7fl-diastereoisomer (ca. 4:1 ratio), 77% for 
1041 and its 6S,7fl-diastereoisomer (ca 6:1 ratio), 60% for 1042 and its 6S,7fl-diastereo- 
isomer (ca. 5 : 1 ratio); (b) 1 .5 equiv of TBSOTf, 2.0 equiv of 2,6-lutidine, methylene chlo- 
ride. 0 °C, 1 h. 94% for 1039, 93% for 1040, 88% for 1043, 98% for 1044; (c) 1 .0 equiv of 
CSA added portionwise over 1 h, methylene chloride:MeOH (1 : 1), 0 °C, 3 h, 77% for 1048, 
82% for 1046, 91% for 1049, 83% for 1080; (d) 2.0 equiv of (COCI) 2 , 4.0 equiv of DMSO, 
6.0 equiv of Et 3 N, CH,^. -78 to 0 °C, 1 .8 h, 93% for 1047, 88% for 1048, 99% for 1081 , 
95% for 1082; (e) 5.0 equiv of NaCI0 2 . 10.0 equiv of 2-methyK2-butene. 2.5 equiv of 
NaH 2 P0 4 . SuOH:H 2 0 (5:1), 0 °C. 1 h, 99% for 1083, 95% for 1084, 99% for 1087, 98% 
for 1088; (f) 6.0 equiv of TBAF, THF, 25 °C, 10 h, 92% for 1088, 77% for 1086, 85% for 
1059, 85% for 1060; (g) 2.5 equiv of 2,4,6-trichlorobenzoylchloride, 8.0 equiv of Et 3 N, THF, 
0 to 25 °C, 1 h; then slow addition (1 mUh) to a solution of 2.0 equiv of 4-DMAP in toluene 
(0.005 M based on hydroxy acid). 70 °C, 0.5-8 h, 70% for 1061, 82% for 1062, 73% for 
1068, 75% for 1066; (h) 20% HF»pyr (by volume) in THF, 25 °C, 24 h, 82% for 1063, 91% 
for 1064, 86% for 1067, 71% for 1068; © methyl (trifluoromethyf)dioxirane, MeCN, 0 °C, 
54% for 1002 (single diastereoisomer). 35% of 1003 and 35% of 1069 (ca. 1 : 1 ratio of 
diastereoisomers), 97% for 1004 and 1070 (ca. 6 : 1 ratio of diastereoisomers), 53% of 
1005 and 26% of 1071 (ca. 2 : 1 ratio of diastereoisomers). Tf * triflate; TBAF = tetra-n- 
butylammonium fluoride; 4-DMAP « 4-dimethylaminopyridine. 

Figure 71 shows the tubiin binding (% tubulin polymerization in the fllratton-cotorimetric tu- 
bulin polymerization assay) and cytobdctty properties (against the parental 1 A9, and the 
Taxoi-resistant cell lines PTX10 and PTX22) of a selected number of the synthesized epo- 
thilones. 

Figure 72 illustratee the synthesis of C 12 substituted analog 1000k*. 

Figure 73 illustrates the synthesis of C 12 substituted analog 2003. 

Figure 74 illustrates the synthesis of C 12 substituted analog 1000n. 

Figure 78 illustrates the synthesis of C 12 substituted analog 1001 (I*); figure note 1 : see 
figures 1-28. 
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Figure 76 illustrates the synthesis of cyclopropane epothilone A 2012 starting from 
advanced C ■) 2-hydroxy intermediate 392. 

Detailed Description of the Invention 

The invention is especially directed to epothilone analogs and methods for producing such 
analogs using solid and solution phase chemistries based on approaches used to synthe- 
size epothilones A and B (Nlcolaou et al. Angew. Chem. Int Ed. Engl. 35, 2399-2401 
(1996); Nicolaou et al. Angew. Chem. Int Ed. Engl. 36, 166-168 (1997); Nicolaou et al. 
Angew. Chem. Int Ed. Engl., 36, 525-527 (1 997)), as well as to intermediates for these 
epothilones and their synthesis. 

The following general definitions are used within the specification and can, where 
appropriate, be replaced by the more specific definitions mentioned herein: 

. The prefix "lower" stands for moiety having preferably up to and including 7, preferably up to 
and including 4, carbon atoms. "Lower alkanoyt" preferably stands for acetyl, or also for 
propionyl or butyryl. 

Where hereinafter compounds of the formula I or intermediates are mentioned, this wording 
is intended to include both the free forms as well as any salt where one or more salt- 
forming groups are present 

Salts of compounds of formula I are especially acid addition salts, salts with bases or, 
where several salt-forming groups are present can also be mixed salts or internal salts. 

Salts are especially prtarmaceutically acceptable salts of compounds of formula I. 

Such salts are formed, for example, from compounds of formula I having an acid group, for 
example a carboxy group, a suite group, or a phosphoryi group substituted by one or two 
hydroxy groups, and are. for example, salts thereof with suitable bases, such as non-toxic 
metal salts derived from metals of groups la. lb, lla and lib of the Periodic Table of the 
Elements, especially suitable alkali metal salts, for example lithium, sodium or potassium 
salts, or alkaline earth metal salts, for example magnesium or calcium salts, also zinc salts 
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or ammonium salts, as well as salts formed with organic amines, such as unsubstituted or 
hydroxy-substituted mono-, di- or tri-alkylamines, especially mono-, di- or tri-lower alkyl- 
amines, or with quaternary ammonium compounds, for example with N-methyl-N-ethyi- 
amine, diethytamine, triethylamine, mono-, bis- or tris-(2-hydroxy-lower alkyl)amines, such 
as mono-, bis- or tris-(2-hydroxyethyl)amine, 2-hydroxy-tert-butylamine or tris(hydroxy- 
methyl)methylamine, N.N-di-lower alkyt-N-(hydroxy-lower alkyl)-amines, such as N,N- 
dimethyl-N-(2-hydroxyethyi)-amine or tri-(2-hydroxyethyl)-amine, or N-methyl-D-glucamine, 
or quaternary ammonium salts, such as tetrabutytammonium salts. The compounds of 
formula I having a basic group, for example an amino group, can form acid addition salts, 
for example with inorganic acids, for example hydrohalic acids, such as hydrochloric acid, 
sulfuric acid or phosphoric acid, or with organic carboxylic, sulfonic, sulfo or phospho acids 
or N-substituted sulfamic acids, for example acetic acid, propionic acid, glycoiic acid, 
succinic acid, maleic acid, hydroxymaleic acid, methylmaleic acid, fumaric add, malic acid, 
tartaric acid, gluconic acid, glucaric add, glucuronic acid, citric add, benzoic add, dnnamic 
acid, mandelic acid, salicylic acid, 4-aminosalicyllc acid, 2-phenoxybenzoic acid, 2- 
acetoxybenzoic acid, embonic acid, nicotinic acid or isonicotinic acid, as well as with amino 
acids, for example the a-amino adds mentioned hereinbefore, especially glutamic acid and 
aspartic acid, and with methanesultonic add, ethanesutfonic acid, 2-hydroxyethanesulfonic 
acid, ethane- 1,2-disultonic add. benzenesulfonic add. 4-methylbenzene-sulfonic acid, 
naphthalene-2-sulfonic acid, 2- or 3-phosphoglycerate, glucose-6-phosphate, N-cydohexyl- 
sulfamic acid (forming cydamates) or with other addic organic compounds, such as 
ascorbic add. Compounds of formula I having add and basic groups can also form internal 
salts. 

For isolation or purification purposes, it is also possible to use pharmaceutical ly inaccept- 
able salts, for example a perehtorate or pteolinate salt 

The invention especially relates to the compounds of the formula (I) as such as described 
above, or a salt thereof where a salt-terming group is present, except ter the compounds of 
formula I wherein 

n is 3 (or. in a preferred variant, 1 to 5); 
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Ri is hydrogen, methyl (preferably lower alkyl), acetyl (preferably lower alkanoyl) or benzoyl 
(when the group of compounds of formula I is represented in a more preferred version) 
trialkyl silyl or benzyl; 
R a is methyl; 
R 3 is methyl; 

R» is hydrogen, methyl (preferably lower alkyl), acetyl (preferably lower alkanoyl) or benzoyl 
or (when the group of compounds of formula I is represented in a more preferred version) 
triaikyl silyl or benzyl; 
Rs is hydrogen or methyl; 
R» is O or 

R# is absent and a is a double bond; 
R 7 is hydrogen; 



which, as such, are excluded from the scope of the present invention. This is also valid for 
any subsequent embodiments of the invention mentioning a compound falling under 
formula I, if required. 

In the following, where compounds failing under the definitions of formula (I) given above 
are present the invention primarily deals with their use as described above and below; 
however, the compounds at such which are novel are also comprised. 

In the following any moietiee such as R* R a . R* R* R* R* R?. R* R* Rio. Rn. R12, n. a. b, 
c, in all intermediates and all compounds failing under the definitions of formula I have the 
meanings given for a compound of formula I, preferebiy the preferred meaning, if not 
indicated otherwise. 

Furthermore, any sequence of reactions may include the removal of protecting groups, e.g. 
of the protected precursor compounds to yield either epothitone A or epothitone B. 




wherein 

R» is a radical selected from the group consisting of hydrogen and methyl; 
and Rio is a radical represented by the formula: 




WO 98/25929 PCT/EP97/07011 

- 24 - 



according to procedures that are well-known in the art; this deprotection is usually not 
mentioned, but may be present in all synthesis steps mentioned herein and at all stages. 

One aspect of the invention is directed to an epothilone analog represented by formula II, 




(II). 



OR, 



wherein, in a preferred embodiment, n is one to five, more preferably 3, 
R, is a radical selected from the group consisting of hydrogen (preferred), methyl or a 
protecting group, especially selected from the group consisting of tert-butyldimethylsilyl, 
trimethylsilyl, acetyl, benzoyl and tert-butoxycarbonyt, 

R» is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
especially selected from the group consisting of tert-butyldimethylsilyl, trimethylsilyl, acetyl, 
benzoyl and tert-butoxycarbonyl, 

R s is a radical selected from the group consisting of hydrogen, methyl, -CHO, -COOH, - 
C0 2 Me. -C0 2 (ferfbutyl), -CO^too^propyl), -C0 2 (phenyl). -C02(benzyl), -CONH(furfuryO. - 
C0 2 (/*benzo-(2R.3S)-3-phenyl»808«rine), -CON(methyl) 2 . -CON(ethyl) 2 , -CONH(benzyl). 
and -CH 2 R 1 1 ;or in a broader aspect also from -CH«CH 2 and hcsc- ; where R^ isa 

radical selected from the group consisting of -OH, -O-Trttyl, -0-{C<\ -C 6 alkyO, -O-benzyl, -O- 
allyl, -O-COCH3, -O-COCH^ -O-COCH^, -O-COCF3, •0-COCH(CH 3 ) 2 , -O-CO- 
C(CH3) 3 . -0-CO(cyck5prw^),-OCO(cydohexane), -0-COCH«CH 2 . -O-CO-phenyl. -0-(2- 
furoyl), -0-(/^ben20-(2R.3S)^-pheny1lsoserine), -O-cinnamoyl, -©-(acetyl-phenyl), -0-(2- 
thiophenesulfonyO. -S-fC-i-Ce alkyl), -SH, -S-Phenyl, -S-Benzyl. -S-furfuryl, -NH 2 , -N 3 , 
-NHCOCH3, -NHCOCHjCI. -NHCOCH 2 CH 3 , -NHCOCF3, -NHCOCH(CH3) 2 . -NHCO- 
C(CH3) 3 . •NHCO(cvdopropane),-NHCO(cyctohe«ne). -NHCOCH.CH 2 , -NHCOphenyi, 
-NH(2-furoyl), -NH-(Mbenzo-(2R,3S)-3-phenylisoserine), -NH.(dnnamoy1). -NH.(aeetyl- 
phenyl), -NH-(2-thtophenesuHonyO. -F, -O. -I, and O^CC^H ; and, in a broader aspect, 
also from •(C 1 -Ce alkvi) and methyl; 

and R,o is a radical selected from the group represented by the formulae: 




with the proviso that if R$ is either methyl or hydrogen and Rio i« represented by 
following formula: 
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then Ri and R 4 cannot simultaneously be hydrogen or methyl or acetyl. Preferred epothilone 
analogs of this aspect of the invention include a compound represented by the following 
structures, the substitutents being as defined above: 




OR, OR, 



Another aspect of the invention is directed to an epothilone analog represented by the 
following structure: 




OR, 



wherein n preferably It one to five, more preferably 3; 

R, is a radical selected from the group consisting of hydrogen (preferred), methyl or a 
protecting group, especially selected from the group consisting of tett-butyldimethyisilyl. 
trimethylsilyl, acetyl, benzoyl and tert-butoxycarbonyl, 

is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
especially selected from the group consisting of tert-butyldimethylailyl, trtnethytsilvi, acetyl, 
benzoyl and tert-butoxycarbonyl, 

R s is a radical selected from the group consisting of hydrogen, methyl, -CHO, -COOH, - 
C0 2 Me. -C0 2 (te*butyU, -CO^propyt). -^(phenyl), -(^(benzyl). -CONH(furfuryO, - 
C0 2 (/^benzo^(2R,3S)-3-prter^ieo8erine). -CON(methyl) 2 . -CON(ethyl) 2 . -CONH(benzyl). 
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and -CH 2 Ri 1 ,;or in a broader aspect also from -CHsCH 2 and HC=C- ; where R-, 1 is a 

radical selected from the group consisting of -OH, -O-Trityl, -0-(C r C Q alkyi). -O-benzyl. -O- 
allyl, -O-COCH3, -0-COCH 2 CI. -0-COCH 2 CH 3 , -0-COCF 3 , •aCOCH(CH 3 ) 2 . -O-CO- 
C(CH3) 3 , -0-CO(eyclopropane),-OCO(cyclohexane), -0-COCHsCH 2 , -O-CO-phenyl, -0-(2- 
furoyi), -0(iV-ben20-(2R,3S)-3-phenylisoserine), -O-cinnamovl, -0-(acetyl-phenvl), -0-(2- 
thiophenesulfbnyl), -S^-Ce alkyl), -SH, -S-Phenyl, -S-Benzyl, -S-furfuryl, -NH 2 , -N 3 , - 
NHCOCH3. -NHCOCH 2 a, -NHCOCH 2 CH 3 , -NHCOCF 3 , -NHCOCH(CH 3 ) 2 , -NHCO- 
C(CH 3 ) 3 , -NHCO(cyclopropane),-NHCO(cyctohexane), -NHCOCHaCH 2 , -NHCO-phenyl, • 
NH(2-furoyl). -NH-(/V-benzo-(2R.3S)-3-phenylisoserine), -NH-(cinnamoyl), -NH-(acetyl- 
phenyl), -NH-(2-thiophenesulfonyl) ( -F, -CI, I, -and CH 2 C0 2 H ; and, in a broader aspect, 
also from -(C^Cg alkyl) and methyl; preferably being -CH 2 F, -CHjCl, CHaOOCCHj, • 
CHjCm or -CH«CHj where, at the same time, the double bond with the wavered line is in 
the cis form; 

and Rio is a radical selected from the group represented by the formulae: 





aspect of the invention) 
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and (in a still broader aspect of the invention) 




; and 




wherein Rx is acyl, especially lower alkanoyl, such as acetyl; 



with the proviso that if Rs is either methyl or hydrogen and Rio is represented by the 
following formula: 



then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl. 

Another aspect of the invention is directed to an epothilone analog represented by the 
following structure: 



wherein R, is a radical selected from the group consisting of hydrogen (preferred), methyl or 
a protecting group, especially selected from the group consisting of tert-butyldimethylsilyl, 
trimethylsilyl. acetyl, benzoyl and tert-butoxycarbonyl. R* is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butyldimethylsilyl. trimethylsilyl, acetyl, benzoyl and tert-butoxy- 





OR, 
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carbonyt, R« is a radical selected from the group consisting of hydrogen and methyl, Ri 0 is a 
radical selected from the group represented by the formulae: 




wherein Rxisacyi, especially lower alkanoyl, such as acetyl; 

R, is a radical selected from hydrogen, methylene or methyl; R« is hydrogen, methylene or 
methyl; and R* is hydrogen or methyl; with the following provisos: 
if R, is methylene, then R a is methylene. If Ra and Ra are methylene, then R* and Rt are 
chemically bonded to each other through a single bond V. If Ra and Rt are hydrogen or 
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methyl, then the single bond "a" is absent. If R s is methyl or hydrogen and R, 0 is 
represented by the formula 




then Ri and R* cannot simultaneously be hydrogen or methyl or acetyl; in the definition of 
compounds of formula IV those wherein neither R 2 nor R 3 are methylene and the bond "a" is 
absent being especially preferred. 

Another aspect of the invention is directed to an epothitone analog represented by the 
following structure: 



R 4 0 




(V) 



0 OR, 0 

wherein R,, R a . Rs. R*. Rs, R* Rio and "a" are as defined under formula IV. 

Preferred embodiments of the invention include the synthesis of compounds represented by 
the following structures, as well as novel compounds failing under their formulae: 

Another aspect of the invention is directed to a macrolactonization procedure for synthe- 
sizing epothitone and epothitone analogs represented by the following structure: 




wherein R, is a radical selected from the group consisting of hydrogen (preferred), methyl or 
a protecting group, especially selected from the group consisting of tert-butyldimethylsityl, 
trimethylsilyl. acetyl, benzoyl and tert-butoxycarbonyl. R« is a radical selected from the 
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group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butytdimethylsily I, trimethylsilyl, acetyl, benzoyl and tert-butoxy- 
carbonyl, R s is a radical selected from the group consisting of hydrogen, methyl, -CH r OH, 
CH 2 CI or -CHaCOaH, or (further or alternatively to the preceding moieties) is -CH 2 F, - 
CH=CH 2 or HCSC- , and R 10 is a radical selected from the group represented by the 

formulae: 

// \^ ;and- * 





N N 

The synthesis can be initiated by condensing a keto add represented by the following 
formula: 

0 R,0 O 

with an aldehyde represented by the following structure: 




OR,, 

wherein Ri» is a protecting group, especially tert-butyWimethylsilyl or trimethylsilyl. for 
producing a carboxytic add with a free hydroxy! moiety represented by the following 
structure: 




'OH 

OR, 0 

The synthesis is then continued by derivatizing the free hydroxy! moiety of the above 
carboxytic acid with a derivatizing agent represented by the formula FVX wherein R«-X is a 
reactive reagent for introducing a protecting group, especially tert-butyldimethylsilyl chloride, 
tert-butyldimethyisilyi trtflate, trimethylsilyl chloride, trimethylsilyl trtflate, methyl sulfate, 
acetic anhydride, acetic add, acetyl chloride, benzoic add, benzoyl chloride, and 2-(tert- 
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butoxycarbonyloxyimino)-2-phenylacetonithle, or methyl iodide, for producing a protected or 
derivatized carboxylic acid represented by the following structure: 

ft 




The R 9 protected hydroxyl moiety of the above derivatized carooxylic acid is then 
regioselectively deprotected for producing a hydroxy add with the following structure 

ft 




The above hydroxy acid is then macrolactonized for producing a macrolide with the 
following structure: 

ft 




where the moieties in each of the intermediates have the meanings given above under 
formula VI. 



The synthesis is then completed by epoxidizing the above macrolide for producing the 
epothilone or epothilone analog of the formula VI. 



The invention relates to the last two steps of this synthesis (macrolactonizatton and 
epoxidation, and, where protecting groups are present, removal of such protecting groups if 
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desired), but in a preferred form to the full synthesis including all steps for the synthesis of a 



compound of the formula 

A method of synthesis for epothilone B according to this sequence is especially preferred, 
characterized in that the starting materials with the corresponding substituents are used 
and, where required, any protecting group or groups is or are removed. 

A further mode of the invention is directed to a metathesis approach to synthesizing 
epothilone and epothilone analogs represented by the following structure: 



wherein Ri is a radical selected from the group consisting of hydrogen (preferred), methyl or 
a protecting group, especially selected from the group consisting of tert-butyidimethylsilyi, 
tnmethylsiiyi, acetyl, benzoyl and tert-butoxycarbonyl, R« is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butyidimethylsilyl, tnmethylsiiyi, acetyl, benzoyl and tert-butoxy- 
carbonyl. and R10 is a radical selected from the group represented by the formulae: 



The synthetic protocol it initiated by condensing a keto acid represented by the following 
structure: 



R 4 0 




OR, 



(VII) 





O R,0 0 



with an aldehyde represented by the following structure: 
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wherein R 14 is hydrogen or (CH2) m -(solid phase support) wherein m is a positive integer, for 
produsing a carboxylic acid with a free hydroxy! moiety reprsented by the following formula: 




Alternative preferred solid supports include Merrifield resin, PEG-polystyrene, hydroxy- 
methyl polystyrene, formyl polystyrene, aminomethyi polystyrene, and phenolic polystyrene. 

The above carboxylic acid is then esterified with a secondary alcohol represented by the 
following structure: 




OH 

for producing an ester with a free hydroxy! moiety represented by the following formula: 




The synthesis is then continued by derivatizing the free hydroxyi moiety of the above aster 
with a derivatizing agent represented by the formula R.-X wherein FU-X is a reactive agent 
for introducing a protecting group, preferably tert-butyldimethylailyi chloride, tert-butyldl- 
methylsilyi triflata,' trlmethyWIyi chloride, trimethylsifyl triflate, methyl sulfate, acetic anhydri- 
de, acetic acid, acetyl chloride, benzoic add, benzoyl chloride, and 2-(tert-butoxycarbonylo- 
xyimino)-2-phenylacetonitrile. or methyl iodide, for producing a protected or derlvatized 
ester represented by the following structure: 
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This ester is then metasthesized with an organo-metallic catalyst for producing a macroiide 
with the following formula: 




where the moieties in each of the intermediates have the meanings given above under 
formula VI. 

Preferred organo-metallic catalyst include bis(mcyt^hexylphosphine)bertzylidine ruthenium 
dichloride and 2,8-diisopropylphenylimido neophylidenemolybdenum bis(hexafluoro-tert- 
butoxide). 

The above macroiide is then epoxidized for producing the epothitone analog of the formula 
VII. 

The invention relates to the last two steps of this synthesis (metathesis and epoxidation, 
and. where protecting groups are present removal of such protecting groups if desired), bu 
in a preferred form to the full synthesis including all steps for the synthesis of a compound 
of the formula VII. 

Another embodiment of the invention is directed to a metathesis approach to synthesizing 
an epothilone or analog represented by the following structure: 
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OR,, 



(VIII) 



~ II 

o 

wherein Ri 2 is hydrogen (preferred) or methyl, or a protecting group, preferably tert- 
butyldiphenylsilyl, tert-butyldimethylsilyl, trimethylsilyl, acetyl, benzoyl, tert-butoxycarbonyl, 
or a radical represented by one of the following formulae: 



and wherein R« is hydrogen (preferred), methyl or a protecting group, especially tert- 
butyldimethylsilyl, trimethytsilyi, acetyl, benzoyl or tert-butoxycarbonyl. 
The synthesis is initiated by esterifylng s keto add of the formula 




/ 





o 



with an alcohol of the formula 



OH 




OR. 
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for producing an ester of the formula 





O 0 

Then, this ester is condensed with ah aidehydeof the formulae 

.0 




for producing a bis-terminal olefin of the formula: 




The synthesis is then continued by metathesteing the above bis-terminal olefin with an 
organo-metallic catalyst tor producing a macricyclte lactone with a free hydroxyl moiety of 
the formula: 




Preferred organo-metallic catalysts include bis(tri(^ctohexylphosphlne)benzylldine 
ruthenium dichloride, and 2.6-dUsopropylphenylimido neopbyMenemolybdenum 
bis(hexafluoro-t-butoxide). 

The free hydroxyl of the above macrocyclte lactone is then, if desired, denvataed with a 
denvatizing agent represented by the formula FVX wherein R*-X is hydrogen or a reactive 
agent for introducing a protecting group, preferably tert-butyldimethvlsilyl chloride, tert- 
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butyldimethylsilyt triflate, trimethylsiiyl chloride, trimethylsilyt triflate, methyl sulfate, acetic 
anhydride, acetic acid, acetyl chloride, benzoic acid, benzoyl chloride, or 2-(tert- 
butoxycarbonyloxyimino)-2-phenylacetonitrile, or methyl iodide, for producing a protected or 
derivatized macroiide with the following structure: 




The synthesis is then completed by epoxidizing this protected or derivatized macroiide for 
producing the epothilone analog of the formula VIII. In all intermediates, the substitutents 
have the meanings given under formula VIII, if not mentioned otherwise. 

The invention relates to the last two or three steps of this synthesis (metathesis; if desired, 
introduction of a protecting group; and epoxidation, and, where protecting groups are 
present, removal of such protecting groups if desired), but in a preferred form to the full 
synthesis including all steps for the synthesis of a compound of the formula VIII. 

Another aspect of the invention is directed to a method employing a metathesis approach 
for synthesizing an epothilone or analog represented by the following structure: 




(IX) 



0 

wherein R* is hydrogen (preferred), methyl or a protecting group, preferably tort- 
s butyldimethylsilyl, trimethylsiiyl. acetyl, benzoyl or fe*butoxycarbonyl; wherein R, 0 is 
the radicals of the formulae: 
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N N 

The synthesis is initiated by condensing a keto acid of the formula 

COOH 




with an aldehyde represented by the formula 

0- 




for producing a carboxyiic acid with a free hydroxy! moiety of the formula 




The free hydroxy! moiety of the above carboxyiic add is then derivatized with a derivatizing 
agent represented by the formula R»-X wherein R.-X is a reactive agent for the introduction 
of a protecting group, especially tert-outyWirnethytoiJyl chloride, tert-outyldimetnylsilyl triflate, 
trimethyisilyi chloride, trimethytsilyl triflate. methyl sulfate, acetic anhydride, acetic acid, 
acetyl chloride, benzoic add, benzoyl chloride, and 2-{t6ft-butoxycarbony!oxyirnino)'2- 
phenytacetonitnTe, or is methyl Iodide, for producing a protected or derivatized carboxyiic 
acid repre s e nt ed by the following structure: 




This derivatized carboxyiic add is then reacted with an alcohol of the formula 
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OH 

for producing a bis-terminal olefin of the formula 




0 0 

This bis-terminal olefin is then metathesized with an organo-metallic catalyst for producing a 
macrocyclic lactone with the following structure: 




Preferred organo-metallic catalysts include bis(tricyclohexylpho8phine)benzylidine 
ruthenium dichloride, or 2,6-diiaopropylphenylimido neophylidenemolybdenum 
bis(hexafluoro-t-butoxide). 

The synthesis is then completed by epoxidizing the above-mentioned macrocyclic lactone 
for producing the epothttone analog of the formula IX Any substttutents in the intermediates 
have the meanings given under formula IX if not mentioned otherwise. 

The invention relates to the last two steps of this synthesis (metathesis and epoxidatjon, 
and, where protecting groups are present, rsmovsl of such protecting groups if desired), but 
in a preferred form to the full synthesis including all steps for the synthesis of a compound 
of the formula IX. 

Another (especially preferred) aspect of the invention is directed to a method employing a 
macrolactonization approach for synthesizing an epothilone or analog of the formula: 
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(X) 



wherein each of Ri and R4 is, independently of the other, hydrogen (preferred), methyl or a 
protecting group, especially fe/fbutyWimethylsilyl, trimethyisilyl, acetyl, benzoyl, or terp 
butoxycarbonyl; R» is as defined under formula I, especially hydrogen, methyl, -CH r OH, 
-CHaCI, or -CHjCOaH, or most especially CHaCH,, -CH=CH a , -CHaOOCCH, or especially 
•CHaF; and Ri 0 is one of the radicals of the formulae 

•S / — Q 




I 



and 



N 




// 



N 



The synthesis is initiated by condensing a ketone of the formula 




OR. 



18 



O R i 

wherein R« is hydrogen or methyl or a protecting group, especially especially tert-butykli- 
methylsityl, trimethyisilyl. lerfbutyidlpnenylsilyi. triethytsilyl or benzyl; with an aldehyde of the 
formula 

ft 




wherein R« is a protecting group, especially ferf-butytdimethylsilyi or trimethyisilyl. tor produ- 
cing a ^hydroxy ketone, with a free hydroxy! moiety and a Ru protected hydroxy! moiety, of 
the formula 
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0 OR, OR,, 

The free hydroxyl moiety of this p-hydroxy ketone is then derivatized with a dertvatizing 
agent R4-X wherein R4-X is a reactive agent for the introduction of a protecting group, 
especially tert-butyldimethylsilyl chloride, tert-butyldimethylsilyl triflate, trimethylsilyl chloride, 
trimethylsilyl triflate. acetic anhydride, acetic acid, acetyl chloride, benzoic acid, benzoyl 
chloride, or 2-(tert-butoxycarbonyloxyimino)-2-phenylacetpnitrile, or methyl iodide or methyl 
sulfate, for producing a protected or derivatized p-hydroxy ketone of the formula 




OR,, 
0 OR, OR,, 

The R,» protected hydroxyl moiety of this protected or derivatized p-hydroxy ketone is then 
regioselectively deprotected for producing a terminal alcohol with the following structure: 




0 OR, OH 

This terminal alcohol it then oxidized for producing a derivatized carboxylic acid with a R„ 
protected hydroxy! moiety of the formula 
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° OR, 0 

This compound is then deprotected regioselectively by removal of the protecting group R* 
to yield a hydroxy acid of the formula: 




OR, o 

This hydroxy acid is then macrolactonized to yield a macrolide of the formula 

ft 




O . OR, O 

The synthesis is then completed by epoxidtaing the above macrolide for producing the 
epothiione compound of the formula X Any substtutents in the intermediates have the 
meanings given under formula X if not mentioned otherwise. 



The invention relates to the last two steps of this synthesis (macrolactonization and 
epoxidation. and. wham protecting groups are present removal of such protecting groups if 
desired), but in a preferred form to the full synthesis including all steps for the synthesis of a 
compound of the formula X 

Preferred is this process for the synthesis of epothiione B. characterized in that the starting 
materials with the corresponding subsWuents, where required, in protected form, are used, 
and any protecting group or groups is or are removed. 
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Another aspect of the invention is directed to a process for synthesizing an epothilone 
analog having an epoxide and an aromatic substitutent In the first step of this process, a 
first epothilone intermediate and an aromatic stannane are coupled by means of a Stille 
coupling reaction to produce a second epothilone intermediate. The first epothilone inter* 
mediate has a vinyl iodide moiety to which the aromatic stannane is coupled for producing 
the second epothilone intermediate. Preferred embodiments of the first epothilone inter- 
mediate are represented by the following structure: 




O OR, O 



In the above structure, R$ is methyl or preferably hydrogen, while Ri and R4 are, each 
independently of the other, selected from hydrogen (preferred), methyl or a protecting 
group, especially tert-butyldimethyisilyl, trimethylailyl, acetyl, benzoyl or tert-butoxycarbonyl. 



In a preferred embodiment, the aromatic stannane is a compound represented by one of 
the following structures: 
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wherein Rx is acyi, especially lower alkanoyi, such as acetyl. 



The second epothilone intermediate has the aromatic substitutent and a cis olefin. In a 
prefered embodiment, the second epothilone intermediate is represented by the following 
structure: 




wherein R,« is a radical represented by any one of the following formulae: 



! 
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wherein Rx is acyl, especially lower alkanoyl, such as acetyl; 

and wherein the other moieties are as defined under formula XI. R» preferably being 
hydrogen. 
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In the second step of this process, the cis olefin of the second epothilone intermediate is 
epoxidized to produce the epothilone analog. In a preferred embodiment the epothilone 
analog is represented by the following structure: 

ft 



(XIII) 




OR, O 



wherein the moieties are as defined for the first and second epothilone intermediate 
mentioned above; if desired, any protecting group(s) can then be removed. 



In a preferred mode of the above-mentioned process for synthesizing an epothilone analog, 
there are several additional steps that aire performed prior to the Stifle coupling. The first of 
the additional steps involves the condensation of a keto acid represented by the formula 




0 R,0 0 

with an aldehyde represented by the following structure: 

Bit 




wherein R, r m hydrogen of (CHaMsottd phase support) wherein m is a positive integer for 
producing a carboxviic acid represented by the foltowign structure: 




Then, this carboxviic add is 
structure: 



O OR, OH 

with a secondary alcohol represented by the following 
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OH 

for producing an ester with a free hydroxyl moietey represented by the following formula: 



Then, there is an optional step. The free hydroxy of the above ester may be derivatized with 
a derivatizing agent for introducing e.g. a protecting group or methyl. Preferred derivatizing 
agents include reactive agents for the introduction of protective groups, especially tert- 
butyldimethylsiiyl chloride, tert-butyldimethylsilyl trtflate, trimethylsllyl chloride, trimethylsilyl 
triflate, acetic anhydride, acetic acid, acetyl chloride, benzoic add. benzoyl chloride or 2- 
(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile, or methyl iodide or methyl sulfate, for 
producing an optionally derivatized ester represented by the formula 



Finally, the above optionally derivatized ester is metathesized with an organo-metailic 
catalyst (as already mentioned in other cases above) tor producing the epothilone analog of 



Another aspect of the invention is directed to the use of each of the above-mentioned 
metathesis approaches tor synthesizing libraries of epothilone analogs. In this mode, a 
combinatorial approach is employed tor synthesizing libraries of epothilone analogs having 
various combinations of the preferred R group(s). 




O OR, O 




O OR, O 



Be formula XIII. 
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Further modes of the invention are directed to each of the individual steps of the synthesis 
processes mentioned hereinabove or hereinbelow. 

Especially preferred are the following groups of compounds of the formula I and the 
intermediates with the corresponding substituents: (a) compounds of the formula I wherein 

i — o 



a broader aspect, -CHjCH,. -CHaOOCCH* -CH«CHa or -CHjCI; (c) n is one; or any 
combination of the compounds falling under (a) to (c) as far as they are not excluded; 
especially the compounds of formula I mentioned in the Examples and Figures below that 
meet one or more of the conditions (a) to (c). 

Especially preferred are also compounds 265 and 266 in the Figures, as well as the new 
synthetic strategies according to Figures 34 to 39. 

Especially preferred is also any one compound falling under the following definition: 
A compound of the formula 



wherein R. is -CHjF, -OW», -CHjOOCCH* -CHaCH, or -CH*CH* 

Especially important is also the process according to Fig. 17 for the synthesis of the end 
product mentioned therein. 

As already mentioned, the compounds of formula I have useful pharmacological properties. 
Especially, they can be used for the treatment of proliferative diseases, such as cancer. 
One of the many advantages is that the compounds can also be used against proliferative 



Rio is a moiety of the formula 





OH 
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diseases that are drug-resistant The pharmacological usefulness of the compounds of 
formula I is especially demonstrated by the test systems mentioned above in the description 
of the figures; however, other test systems that are known to the man skilled in the art 
which have been used in the characterisation of Taxol and Epothilones A and B are 
appropriate as well. Especially, the compounds can be used for the treatment of solid 
cancers and leukemias, such as colon, breast, lung, prostate and epithelial carcinomas. 



The present invention also relates to pharmaceutical compositions which comprise, as 
the active ingredient, one of the pharmacologically active compounds of the formula I as 
defined above or below, or a pharmaceutically acceptable salt thereof. Compositions for 
enteral, in particular oral, and especially for parenteral administration are particularly pre- 
ferred. The compositions comprise the active ingredient by itself or, preferably, together 
with a pharmaceutically acceptable carrier. The dosage of the active ingredient depends 
on the disease to be treated and on the species, age, weight skin area and individual 
condition, as well as on the mode of administration. 

The pharmaceutical compositions comprise about 5% to about 95% of the active ingr* 
dierit, single-dose administration forms preferably containing about 20% to about 90% 
and administration forms which are not single-doaed preferably containing about 5% to 
about 20% of active ingredient Dose unit forms, such as coated tablets, tablets or 
capsules, contain about 0.01 g to about 2 g, preferably about 0.02 g to about 1 .0 g, of 
the active ingredient in particular 0.02 to 0.6 g. 

The present invention alto relates to the use of compounds of the formula I for the pre- 
paration of pharnwctutical compositions for use against a proliferative disease, for 
example for the treatment of diseases which respond to enhancers of tubulin polymeriza- 
tion, in particular of the abovementioned diseases. 

The pharmaceutical compositions of the present invention are prepared in a manner 
known per se. for example by means of conventional mixing, granulating, coating, dis- 
solving or lyophiiizing processes. Thus, pharmaceutical compositions for oral use can be 
obtained by combining the active ingredient with one or more solid carriers, granulating a 
resulting mixture, if appropriate, and processing the mixture or granules, if desired, to 
tablets or coated-tabiet cores, if appropriate by addition of additional excipients. 
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Suitable carriers are, in particular, fillers, such as sugars, for example lactose, sucrose, 
mannitoi or sorbitol, cellulose preparations and/or calcium phosphates, for example tri- 
calcium phosphate or calcium hydrogen phosphate, and furthermore binders, such as 
starches, for example corn, wheat, rice or potato starch, methylcellulose, hydroxypropyl- 
methylcellulose, sodium carboxymethylceilulose and/or polyvinylpyrrolidone, and/or, if 
desired, disintegrants, such as the abovementioned starches, and furthermore carboxy- 
methyl starch, crossiinked polyvinylpyrrolidone, alginic acid or a salt thereof, such as 
sodium alginate. 

Additional excipients are, in particular, flow conditioners and lubricants, for example 
silicic acid, talc, stearic add or salts thereof, such as magnesium stearate or calcium 
stearate, or derivatives thereof. 

Coated-tablet cores can be provided with suitable coatings, if appropriate resistant to 
gastric juice, the substances used being, inter alia, concentrated sugar solutions, which 
contain gum arable, talc, polyvinylpyrrolidone and/or titanium dioxide if appropriate, coa- 
ting solutions in suitable organic solvents or solvent mixtures or, for the preparation of 
coatings which are resistant to gastric juice, solutions of suitable cellulose preparations, 
such as acetytcellulose phthalate or hydroxypropylmethyteellulose phthalate. Dyes or pig- 
ments can be admixed to the tablets .or coated-tablet coatings, for example for identifica- 
tion or characterization of different active ingredient doses. 

Pharmaceutical compositions which can be used orally are also dry-filled capsules of ge- 
latin and soft, closed capsules of gelatin and a softener, such as glycerol or sorbitol. The 
dry-filled capsules can contain the active ingredient in the form of granules, for example 
mixed with fillers, such as corn starch, binders and/or lubricants, such as talc or magne- 
sium stearate, and if appropriate stabilizers. In soft capsules, the active ingredient is pre- 
ferably dissolved or suspended in suitable liquid excipients. such as fatty oils or paraffin 
oil, it also being possible to add stabilizers. 

Further oral administration forms are, for example, syrups which are prepared in the cus- 
tomary manner and contain the active ingredient, for example, in suspended term and in 
a concentration of about 5% to 20%. preferably about 10%. or in a similar concentration 
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which gives a suitable single dose, for example, when 5 or 10 ml are measured out 
Further suitable forms are also, for example, pulverulent or liquid concentrates for prepa- 
ration of shakes, for example in milk. Such concentrates can also be packed in single- 
dose amounts. 

Compositions which are suitable for parenteral administration are, in particular, aqueous 
solutions of an active ingredient in water-soluble form, for example a water-soluble salt, 
or aqueous injection suspensions which contain viscosity-increasing substances, for 
example sodium carboxymethylcetlulose, sorbitol and/or dextran, and if appropriate stabi- 
lizers. The active ingredient can also be present here in the form of a lyophilisate, if ap- 
propriate together with excipients, and can be dissolved by addition of suitable solvents 
before parenteral administration. 

Solutions such as are used, for example, for parenteral administration can also be used 
as infusion solutions. 

The invention also relates to a method (process) for the treatment of the abovementic- 
ned disease states in warm-blooded animals, i.e. mammals, and in particular humans, 
preferably those warm-blooded animals which require such treatment The compounds 
of the formula I of the present invention or their pharmaceutical salts, if salt-forming 
groups are present, are administered for this purpose tor prophylaxis or treatment and 
are preferably used in the term of pharmaceutical compositions, tor example in an 
amount which is suitable for enhancing tubulin polymerization and is active prophylac- 
tically or especially therapeutically against one of the diseases mentioned which respond 
to such treatment tor example tumours. For a body weight of about 70 kg. a daily dose 
of about 0.1 g to about 15 g. preferably about 0.2 g to atout 5 g, more p^^ 
about 0.5 to 3 g. of a compound of the formula I is administered here. 

The pharmaceutical compositions are preferably those which are suitable tor administra- 
tion to a warm-blooded animal, tor example a human, for treatment or prophylaxis of one 
of the abovementioned diseases and comprise an amount of a compound of the formula 
I or of a pharmaceutically acceptable salt thereof which is active against said diseases, 
together with an excipient 
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Especially preferred are the final products and intermediates, as well as their salts, where 
salt-forming groups are present, and the reaction procedures or any parts thereof mentio- 
ned in the subsequent examples and in the figures: 

The following examples illustrate methods for the total synthesis of epothilone A (1) t epo- 
thilone B (2), designed analogs and the generation of epothilone libraries. The examples 
rely inter alia on the olefin metathesis reaction and macrocyclization as a means to form the 
macrocyclic ring. The disclosed methods promise the discovery of anticancer agents which 
will be superior to existing ones. The examples represent exemplary conditions which de- 
monstrate the versatility of the methodology and are not meant to be restricted to the 
modes and compounds or intermediates disclosed. 

Example 1 . Solution phase synth esis of eoothilone A and B and analogs using an 
olefin metathesis a pproach (Figures 1-1 0) 

A method using the olefin metathesis approach to synthesize epothilone A (1) and several 
analogs (38-41, 42-44, 51-67, 58*0, 64*5, and 67-60) is described (Figures 1-10). In this 
example, we describe the details of our olefin metathesis approach to epothilone A (1) and 
its application to the synthesis of several of its analogs. Key building blocks 6, 7 and 8 were 
constructed in optically active form and were coupled and elaborated to olefin metathesis 
precursor 4 via an aidoi reaction and an esterificatfon coupling. Olefin metathesis of 
compound 4, under the catalytic influence of Rua 2 («CHPh)(PCy3) 2 catalyst, furnished as- 
and trane*ycifc olefins 3 and 48. Epoxidation of 49 gave eoothilone A (1) and several 
analogs, whereas epoxidation of 50 resulted in additional epothitones. Similar elaboration 
of isomeric as well as simpler intermediates resulted in yet another series of epothilone 
analogs and model systems. 

The structure of epothilone A (1) is characterized by a 16-membered macrocyclic lactone 
carrying a cis-epoxkJe moiety, two hydroxyl groups, two secondary methyl groups, and a 
gem dimethyl group, as well as a side-chain consisting of a trisubstituted double bond and a 
thiazole moiety (Figure 1). With its seven stereocenters and two geometrical elements, 
epothilone A (1) presents a considerable challenge as a synthetic target, particularly with re- 
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gard to stereochemistry and functional group sensitivity. In search for a suitable synthetic 
strategy, we sought to apply new principles of organic synthesis and, at the same time, re- 
tain optimum flexibility for structural diversity and construction of libraries. 

In recent years, the olefin metathesis reaction became a powerful tool for organic synthesis 
(For the development of the olefin metathesis as a ring forming reaction, see: Zuercher et 
al. J. Am. Chem. Soc. 1996, 118, 6634-6640; Schwab et al. J. Am. Chem. Soc. 1996, 118, 
100-1 10; Grubbs et al. Acc. Chem. Res. 1995. 28. 446-452; Tsuji et al. Tetrahedron Lett. 
1980, 21 , 2955-2959; Katz et al. Tetrahedron Lett 1976. 4247-4250; Katz et al. 
Tetrahedron Lett 1976, 4241-4254; Katz et al. J. Am. Chem. Soc. 1976, 98, 606-608; Katz 
et al. Advances in Organomet. Chem. 1977, 16, 283-317). 

In particular, a number of publications report application of this chemistry to the construction 
of macrocycles (For a number of applications of the olefin metathesis reaction in medium 
and large ring synthesis, see: Borer et al. Tetrahedron Lett 1994. 35, 3191-3194; Clark et 
al. J. Am. Chem. Soc. 1995. 117. 12364-12365; Hour! et al. J. Am. Chem. Soc. 1995, 117. 
2943-2944; Furstner et al. J. Org. Chem. 1998. 61. 3942-3943; Martin et al. Tetrahedron 
1996. 52. 7251-7264; Xu et al. J. Am. Chem. Soc. 1996. 118, 10926-10927). 

Inspection of the structure of epothilone A (1; Figure 2) reveals the intriguing possibility of 
applying the olefin metathesis reaction to bis(terminal) olefin 4 to yield the cis-olefin contai- 
ning macrocyclic lactone 3, which could be converted to the natural product by simple ep- 
oxidation, as retrosynthettoally outlined in Figure 2. Daring as it was, this strategy has the 
potential of delivering both the da- and trans-cydic olefins corresponding to 4 for structural 
variation. Proceeding with the retroeynthette analysis, an esterification reaction was identi- 
fied aa a means to allow disconnection of 4 to its components, carboxylic acid 8 and secon- 
dary alcohol 6. The aldoi moiety in S allows the indicated disconnection, defining the alde- 
hyde 7 and keto add 8 as potential intermediates. Carboxylic acid 8 can then be traced to 
intermediate 9, whose asymmetric synthesis via allylboration of the known keto aldehyde 12 
is straightforward. An asymmetric allylboration can also be envisioned as a means to con- 
struct alcohol 6, leading to precursor 10, which can be derived from the known thiazole deri- 
vative 1 1 . This retrosynthetic analysis led to a highly convergent and flexible synthetic stra- 
tegy, the execution of which proved to be highly rewarding in terms of delivering epothilone 
A (1) and a seriee of analogs of this naturally occurring substance for biological screening 
(Figure 2). 
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B. Construction of Kev Building Blocks and Models aa illustrated in 
Figures 3 - 6 

As a prelude to the total synthesis, a number of building blocks were synthesized and 
utilized in model studies. Thus, fragments 7, 18a, 18b and 21 (Figure 3; schemes A-C) 
were targeted for synthesis. Aldehyde 7 was constructed by two different routes, one of 
which is summarized in Figure 3A. Thus, Oppolzer's acylated sultam derivative 13 
(Oppolzer et al. Tetrahedron Lett 1989, 30. 5603-1989; Oppolzer et al. Pure & Appl. 
Chem. 1990, 62, 1241-1250) was alkylated with 5-iodo-i-pentene in the presence of so- 
dium bis(trimethylsilyl)amide (NaHMOS) to furnish compound 14 as a single diastereo iso- 
mer (by 1 H NMR). Lithium aluminum hydride reduction of 14 gave alcohol 15 in 60% overall 
yield from sultam 13. Oxidation of 15 with tetrapropytammonium perruthenate(Vtl) (TPAP) 
and 4-methyl-morpholine-N-oxide (NMO) yielded the desired aldehyde 7 In 95% yield. 

The synthesis of the two antipodal alcohols 18a and 18b is outlined in Figure 3B. Thus, 
grycidols 18a and 16b were converted to the corresponding tert- butyldlphenylsilyl ethers 
(OTPS) 17a (90% yield) and 17b (94% yield), respectively, by a standard procedure 
(TPSCl, imidazole), and then to 18a (86% yield) and 18b (83% yield) by reaction with the 
vinyl cuprate reagent derived from copper(l) cyanide and vinyllitNum. 

Figure 3C summarizes the synthesis of the third required building block, keto acid 21 , star- 
ting with the known and readily available keto aldehyde 12 (Inuka etaL J. Org. Chem. 1 967, 
32. 404-407). Cc^densation of 12 with the sodium salt of phosphonate 19 produced .0- 
unsaturated ester 20 In 99% yield. Cleavage of the fertbutyl ester with CF 3 COOH in 
methylene chtoride resulted in a 99% yield of carboxylic acid 21. 

With the requisite fragments in hand, we turned our attention to a feasibility study of the ole- 
fin metathesis strategy. Figure 4 summarizes the results of our work in this area. Thus, 
coupling of fragments 18a and 21, mediated by the action of EDCand 4-DMAP, led to ester 
22a in 86% yield. Aidot condensation of the lithium enolate of keto ester 22a (generated by 
the action of LDA) and aldehyde 7 resulted In the formation of aldois 23 and 24 in ca. 4:3 
ratio. Chromatographic separation allowed the isolation of pure 23 (42% yield) and 24 (33% 
yield). The stereochemical assignments of compounds 23 and 24 were based on an X-ray 
crystallography analysis of a subsequent intermediate as will be described below. In Figure 
4, exposure of 23 to the RuCI 2 (-CHPh)(PCy3) 2 * 80,ution un * 

der high-dilution conditions at 25'Cfor 1 2 hours resulted in dean formation of a single trans- 
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macrocyclic olefin (21) (J-|2,13 ° 15 - 5 Hz ) in 85% y ield - Similar treatment of 24 generated 
the diastereomeric trans-olefin 26 (J-|2,13 s 15 2 Hz ) as tne 8016 P^uct in 79% yield Desi- 
lylation of 25 and 26 with TBAF and AcOH in THF at 25°Cgave dihydroxy lactones 27 (92% 
yield) and 28 (95% yield, mp 128-129 C, EtOAc-hexanes), respectively. 

X-ray crystallographic analysis of macrocyclic diol 28 revealed the trans nature of the 
double bond and defined the stereochemistry of all stereogenic centers. Comparison of the 
1 H NMR spectra of 26 and 28 with those of 25 (Ji2,i3 * 15.5 Hz), 27, 31 (J12.13 * 15,7 
Hz) and 32 (vide infra) supported the trans geometry of the double bond generated by the 
olefin metathesis, and the C6-C7 stereochemistry. Therefore, the original assignment 
(Nicolaou et al. Angew. Chem. Int. Ed. Engl. 1996, 35, 2399-2401) of the cis geometry for 
this double bond and the C6-C7 stereochemistry of the aldol products in these model sys- 
tems should now be revised as shown. Ironically, it was this erroneous, but encouraging 
assignment that let us to embark on the final plan to synthesize epothilone A by the olefin 
metathesis approach. As events unfolded (vide infra), the real system produced both the 
cis- and the trans-cyclic olefins and the metathesis approach turned out to be fruitful. 

For the purposes of analog synthesis, the 15R fragment 18b was utilized in these studies 
as well, as shown in Figure 5. Coupling of 18b and 21 with DCC and 4-DMAP led to a 95% 
yield of ester 22b, the enantiomer of 22a. LDA-mediated aldol condensation of 22b with 
aldehyde 7 furnished aldols 29 (54% yield) and 30 (24% yield), which are diastereomeric 
with 23 and 24 of Figure 4. Olefin metathesis of 29 and 30 with the RuCl 2 (»CHPh)(PCy3)2 
catalyst led to cyclic systems 31 (J 12f1 3 - 15.7 Hz) (80% yield) and 32 (J 12f i3 » 15.4 Hz) 
(81% yield), respectively. Compounds 27, 28, 31 and 32 may serve as suitable precursors 
for the construction of a series of designed epothilones for biological investigations. At this 
juncture, however, it was considered more urgent to investigate the compatibility of the thi- 
azole side-chain with the conditions of olefin metathesis and epoxidation. 

To this end, the chemistry shown in Figure 6 was studied. The enolate of keto acid 21 (2.3 
equivalents of LDA, THF, -78 C) reacted with aldehyde 7 to afford hydroxy acids 33 and 34 
as a mixture of C6-C7 (ca 2:3 by 1 H NMR) in good yield. This mixture was coupled with al- 
cohol 6 in the presence of EOC and 4-DMAP, to afford two diastereomeric esters, 38 and 
36 (29% and 44% yield, respectively, for two steps). Both products, 38 and 36 were subjec- 
ted to the olefin metathesis reaction, and we were delighted to observe a smooth ring clo- 
sure leading to trans-macrocycles 37 (J 12 ,13 ■ 15 5 Hz) (86%) and 38 (J 12 , 13 » 15.0 Hz) 
(66%). With cydized product 37 and 38 in hand, we then proceeded to demonstrate the 
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feasibility of epoxidizing the C1 2-C1 3 double bond in the presence of the sulfur and olefin 
functionalities in the thiazole side chain. Thus, treatment of both 37 and 38 with 0.9*1 .2 
equivalents of mCPBA in CHCI3 at O'Cresulted in the formation of epoxides 39 (or 40) 
(40%), 40 (or 39) (25%, stereochemistry unassigned), and 41 (18%, stereochemistry un- 
assigned). as well as 42 (or 43) (22%). 43 (or 42) (11%) and 44 (7%) along with some un- 
identified side products. These results paved the way for the final drive towards epothilone 
A (1). More recently we found that methyl (trifluoromethyl)dioxirane (Yang et al. J. Org. 
Chem. 1 995, 60, 3887-3889) gives superior results in the epoxidation reactions in regard to 
regioselectivity and yields. Thus, olefins 37 and 38 were converted to epoxides 39 (or 40) 
(45%) and 40 (or 39) (28%). and epoxides 42 (or 43) (60%) and 43 (or 42) (1 5%). respec- 
tively. No side-chain epoxidation was observed in either case. 

C. Total Synthesis of Epothilone A and Analogs 
Encouraged by the results of the model studies described above, we proceeded to assem- 
ble epothilone A (1). Figure 7 shows the initial stages of the construction beyond the key 
building blocks 88. Thus, aldoi condensation of 8 (2.3 equivalents of IDA) with aldehyde 7 
afforded diastereomeric products 48 and 48 (ca 3:2 ratio by 1 H NMR), which were coupled 
as a mixture with allylic alcohol 6 in the presence of EDO and 4-OMAP, to afford, after chro- 
matographic purification, pure esters 4 (52% overall from 8) and 43 (31% overall from 8). 

The olefin metathesis reaction of 4 (6R.7S stereochemistry as proven by conversion to epo- 
thilone A) proceeded smoothly in the presence of the Rua 2 (»«CHPh)(PCy3)2 catalyst as 
shown in Figure 8, to afford cyclic systems 8 (J-J2.13 " 10 5 W ( 46% ) 48 < J 12.13 3 
1 5.0 Hz) (39%). The silyi ethers from 3 and 48 were removed by exposure to CF3COOH in 
methylene chloride, affording dihydroxy compounds 49 (90% yield) and SO (92% yield), 
rMpwttVBtye 

The ds-oiefin 49 was converted to epothilone A (1) by the action of mCPBA (0.8-1 .2 equi- 
valents) in a reaction that, in addition to 1 (35% yield), produced the isomeric epoxides 51 
(13% yield), 53 (or 83) (9% yield, stereochemistry unassigned) and 53 (or 52) (7% yield, ste 
reochemistry unassigned), as well as bis(epoxides) 84 (or 88) and 58 (or 54) (10% total 
yield, stereochemistry unassigned). Reaction of olefin 49 with excess mCPBA (1 .3-2.0 
equivalents) gave a different product distribution: 1 (15%), 81 (10%), 52 (or 53) (10%), 53 
(or 52) (8%). 84 (or 58) (8%). SB (or 54) (7%). 58 (5%), and 57 (5%). The action of * 
methyldioxirane (Murray et al. J. Org. Chem. 1 985. 50, 2847-2853) (Methylene chloride. 0 
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C) on 49 gave mainly 1 (50%) and 51 (15%), together with small amounts of 53 (or 54) and 
54 (or 53) (10% total yield). 

However, we found that the preferred procedure for this epoxidation was the one employing 
methyl(trifluoro-methyl)dioxirane (CH 3 CN, Na 2 EDTA, NaHC0 3 , Oxone®, 0 C; Yang et al. J. 
Org. Chem. 1995, 60, 3887-3889), a method that furnished epothilone A (1) in 62% yield, 
together with smaller amount of its -epoxide epimer 51 (13% yield); Chromatographically 
purified synthetic epothilone A (1) exhibited identical properties to those of an authentic 
sample (TLC, HPLC, [Jq, IR, 1 H and 13 C NMR, and Mass spec). Further, epoxidation of 
pure 1 with mCPBA (0.8-1.1 equivalents) resulted in the formation of bis(epoxides) 54 (or 
55) (35%) and 55 (or 54) (32%) along with sulfoxide 57 (6%), confirming the C12-C13 ste- 
reochemical assignments shown in Figure 8. Under similar conditions, -isomeric epoxide 
51 was recovered unreacted. 

The trans-olefinic compound 50 gave rise to another series of epothilones A (5840) as 
shown in Figure 9. Thus, epoxidation of 50 with 1.0 equivalent of mCPBA furnished com- 
pounds 58 (or 59) (5%, stereochemistry unassigned), 59 (or 58) (5%, stereochemistry un- 
assigned) and 80 (60%, stereochemistry unassigned). Similarly, epoxidation of 50 with 1 .0 
equivalent of dimethyldioxirane resulted in the formation of 58 (or 59) (10%), 59 (or 58) 
(1 0%) and 80 (40%). Interestingly, however, the action of methyl(trifluoro-methyl)dioxirane 
led only to 58 (or 59) (45%) and 59 (or 58) (35%) in a much cleaner fashion. 

In order to expand the epothilone A library, we utilized the 6S,7R-stereoisomer 61 (obtained 
from 47 by CF 3 COOH-induced desitytation in 90% yield) in the olefin metathesis reaction, to 
afford cyclic compounds 82 (J 12 ,13 - 9.B Hz) (20%) and 83 (J 12v i3 - 1 5.0 Hz) (69%) (Fi- 
gure 10). Epoxidation of the dihydroxy macrocyclic compound 82 with mCPBA (0.8-1.2 
equivalents) in CHCfc at -20 to 0*Cgave isomeric epoxides 64 (or 68) (25%) and 68 (or 64) 
(23%). Side-chain epoxide 89 was not isolated in this case. Similarly, diol 63 furnished 87 
(or 68) (24%), 68 (of 87) (19%), and 89 (31%) under the same reaction conditions. The ste- 
reochemistry of epothilones 64-89 remains unassigned. Again, epoxidation of compounds 
62 and 63 using methyl (trifluoromethy()dioxirane resulted in epoxides 84 (or 68) (58%) and 
65 (or 64) (29%), and in epoxides 87 (or 88) (44%) and 88 (or 87) (21%), respectively, in a 
cleaner fashion (Figure 10). 

in example 1 , we illustrate methods culminating in the total synthesis of epothilone A (1) 
and of analogs by an olefin metathesis approach. Furthermore, besides defining the scope 
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and limitations of this new methodology in total synthesis, the methods provide a series of 
epothilone A analogs for biological investigations and further chemical explorations. The 
high convergence and relative simplicity of the chemistry involved in this construction make 
this strategy amenable to combinatorial synthesis for the generation of large libraries of 
these structures, as illustrated in a later example. 



example 2. Solution phase synt hesis of eoothilone A and B and analogs using a 
macrolactonization approach as illustrated in Figures 11-19. 

In this example, we illustrate methods for the total synthesis of both epothilones A (1) and B 
(2) and of a number of analogs using our macrolactonization strategy (Nicolaou Angew. 
Chem. Int Ed. Engl. 1997, 38, 525-527). The reported strategy relies on a macrolactoniza- 
tion approach and features selective epoxidation of the macrocycte double bond in precur- 
sors 70 and 71 (Figure 1), respectively, as well as high convergency and flexibility. Building 
blocks 76-79 and 82 ware constructed by asymmetric processes and coupled via Wltfjg, al- 
dol, and macrolactonization reactions to afford the basic skeleton of epothilones and that of 
several of their analogs by a relatively short route. The utilization of intermediate 81 , obtai- 
ned via a stereoselective Wlttig reaction and its Enders coupling to SAMP hydrazone 80 
(Figure 17). in combination with a stereoselective aidol reaction with the modified substrate 
138 (Figure 19) improved the stereoselectivity and efficiency of the total synthesis of these 
new and highly potent microtubule binding antitumor agents. 

A. Riitroawnmatfc Analysis 

Figure 1 1 outlines the rrwcrolactonization-based retrosynthetic analysis of epothilones A (1) 
and B (2). Thus, retrosynthetic removal of the epoxide oxygen from 1 and 2 reveals the 
corresponding Z-oleflns, 70 and 71 , as potential precursors, respectively. The second ma- 
jor retroaynthetoc step along this route is the disconnection of the macrocyclic ring at the 
lactone site, leading to hydroxy acids 72 and 73 aa possible key irtermediatee. Moving 
further along the retrosynthetic path, an aldol-type disconnection allows the generation of 
keto acid 78 as a common intermediate, and aldehydes 74 and 78 as reasonable building 
blocks for 72 and 73. respectively. Keto add 78 can too envisioned to arise from an asym- 
metric allylboration of the corresponding aldehyde, followed by appropriate elaboration of 
the terminal olefin. The larger intermediates. 74 and 78. can bo disconnected by two slight- 
ly different ways. The first disconnection (route a) involves a retro-Wlttig typo reaction ac- 
companied by a number of functional group interchanges, leading to compounds 77. 78 and 
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79. The second disconnection, specifically sought for its potential to address the geometry 
issue of the trisubstituted double bond of epothiione B (2) (route b), involves: (i) a retro- 
Enders alkylation, leading to hydrazone 80 and iodide 81; and (ii) a retro-Wittjg type discon- 
nection of the latter intermediate (81) to reveal aldehyde 82 and stabilized ylide 83 as po- 
tential building segments. An asymmetric allylboration of 82 then points to Brown's chiral al- 
lylborane, and an aldehyde carrying the required thiazoie moiety as potential starting points. 

B. Total Synthesis 

1. Construction of Building Blocks (Figures 12-131 : 

The strategy derived from the retrosynthetic analysis discussed above (Figure 1), required 
building blocks 78-79, 82, and related compounds. Their construction in optically active 
form proceeded as follows. Figure 1 2 summarizes the synthesis of koto acid 78 starting 
with the known keto aldehyde 84. Thus, addition of (+)-lpc 2 B(allyl) to 84 in ether at -1 00°C 
resulted in the formation of enantiomericaJly enriched alcohol 88 (74% yield, ee >98% by 
Mosher ester determination). Silytation of 88 with tert-butyldimethylsilyl triflate (TBSOTf) 
furnished, in 98% yield, silyl ether 88. The conversion of terminal olefin 86 to carboxylic 
acid 78 was carried out in two steps: (i) ozonolysis in methylene chloride at -78°C followed 
by exposure to Ph 3 P to give aldehyde 87 (90% yield); and (ii) oxidation of 87 with NaCI0 2 
in the presence of 2-methyl-2-butene and NaH 2 P0 4 in fiuOH-H 2 0 (5:1) (93% yield). 

The synthesis of the thiazole-containing fragments 82 and 79 was accomplished as shown 
in Figure 1 2. Thus, the known thiazoie derivative 88 was reduced with DIBAL (1 .6 equiva- 
lents, methylene chloride, -78 °C) to aldehyde 89 (90% yield), which reacted with the appro- 
priate stabilized ylide [PrvjP-CfMeJCHq in benzene at 80*C to afford the required (E)- ,6- 
unsaturated-aldehyde 90 in 98% yield. Addition of (♦)-lpc 2 B(allyf) to 90 in ether/pentane at 
-1 OO'C gave aliylie alcohol 91 in 96% yield (>97% ee by Mosher ester analysis). Protection 
of the hydroxy! group in 91 as a TBS ether fTBSCi, imid., DMF, 99% yield), followed by che- 
moseiective dihydroxylalton (Os0 4 cat, NMO) of the terminal olefin (95% yield) and 
Pb(OAc) 4 cleavage of the resulting diol (98% yield), furnished aldehyde 82 via intermediate 
92. Finally. NaBH 4 reduction of 82 (96% yield), followed by iodinatton (l 2 , imidazole. Ph 3 P, 
89% yield) and phosphonium salt formation (Pt^P, neat, . 98% yield) gave the requisite 
fragment 79 via the intermediacy of alcohol 93 and iodide 94. 

The construction of aldehyde 77 and ketone 78 proceeded from SAMP hydrazone 80 as 
shown in Figure 13. Thus, reaction of propionaldehyde with SAMP, furnished 80, which 
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upon sequential treatment with LDA (THF, O'C ) and 4-iodo-1-benzyloxybutane (THF, -100 
to 0 °C ) led to compound 99 in 92% yield and >98% de ( 1 H NMR). Cleavage of the hydra- 
zone moiety by exposure to ozone (methylene chloride, -78°C , 77% yield), or by treatment 
with Mel at 60 °C followed by acidic workup (aq HCI, 86% yield), followed by NaBH 4 re- 
duction of the resulting aldehyde (96), furnished alcohol 97 in 98% yield. The latter com- 
pound (97) was then silylated with TBSCi in methylene chloride in the presence of Et 3 N and 
4-DMAP to afford siiyi ether 98 in 95% yield. Cleavage of the benzyl ether in 98 by hydro- 
genolysis [H 2 . Pd(OH) 2 cat, THF, 50 psi], gave primary alcohol 99 (95% yield), which was 
smoothly oxidized to the desired aldehyde 77 under Swern conditions [(COCQ2. DMSO, 
Et 3 N, 98% yield]. Addition of MeMgBr to 77 proceeded in 84% yield, and was followed by 
TPAP-NMO oxidation of the resulting secondary alcohol (100) to give the other required 
building block, ketone 78, in 96% yield (Figure 13). 

With the appropriate building blocks at hand the convergent approach to epothilones A (1) 
and B (2) could now enter its second phase. 

2. Total Svntheai a of goothilonea A as illustrated in Ploure 14 

The couplings of building blocks 76, 77 and 79 and the total synthesis of epothilone A (1) 
and its 6S,7R-diastereoisomers (1 1 1 and 112) are shown in Figure 14. Thus, generation of 
the yiide from phosphonium salt 79 with sodium bis(trimethylailyl)amido (NaHMDS), followed 
by reaction with aldehyde 77 resulted in the formation of the desired Z-olefin 101 (Ji 2t i3 ■ 
1 0.8 Hz. obtained from decoupling experiments) as the predominant product in 77% yield, 
[Z:B ca 9:1 ; the minor isomer (E) was removed chromatographically in subsequent steps]. 
Parenthetically, key intermediate 101 was also prepared by WttBg coupling of phosphonium 
salt 1 1 4 and aldehyde 82 in a reversal of the reacting functionalities of the two fragments as 
shown in Figure 1 5. Thus, alcohol 90 was directly converted to iodide 1 13 by the action of 
l 2 . imidaaoto, and PtVjP (91% yield), and then to phosphonium salt 114 by heating with 
Ph 3 P (trlphenylphoaphine) (91% yield). Generation of the ylide from 114 with equimolar 
amounts of NaHMDS in THF, followed by reaction with aldehyde 82 yielded Z-olefln 101 in 
69% and in ca 9:1 ratio with its E-isomer. 

Returning to Figure 14, selective desilylatJon of the primary hydroxy! group from 101. was 
achieved by the action of camphorsuHbnic acid (CSA) in MeOR.Methytene chloride (1:1). 
leading to hydroxy compound 102 in 86% yield. Oxidation of 102 to aldehyde 74 was then 
carried out using SOypyr., DMSO and Et 3 N (94% yield). With the availability of 74. we 
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were then in a position to investigate its aldol condensation with keto acid 76. It was found 
that the optimum conditions for this coupling reaction required generation of the dilithtode- 
rivative of 76 (1 .2 equivalents) with 3.0 equivalents of lithium diisopropylamide (LDA) in THF 
(-78 to -40°C ), followed by addition of aldehyde 74 (1 .0 equivalent), resulting in the for- 
mation of a mixture of the desired product 103a and its 6S,7R-diastereoisomer 103b in ca 
1 :1 ratio and in high yield. Despite the lack of stereoselectivity in this reaction, the result 
was welcome at least with regard to the prospect it provided for the construction of the 
6S,7R-diastereoisomer of epothilones A and B. This mixture was then carried through to 
the stage of carboxylic acids 105 and 106 (Figure 14), where it was chromatographically 
separated to its components. Thus, exposure of I03a/I03b to excess of TBSOTf and 2,6- 
lutidine furnished a mixture of tetra-silyiated products 104a/104b, which was then briefly 
treated with K 2 C0 3 in MeOH 2 to afford, after silica gel flash or preparative layer chromato- 
graphy, carboxylic acids 10S (31% overall yield from 7) and 106 (30% overall yield from 74) 
(105: Rf * 0.61; 39: Rf * 0.70, silica gel, 5% MeOH in Methylene chloride). The indicated 
stereochemistry at C7 and C6 in compounds 108 and 106 was assigned later and was ba- 
sed on the successful conversion of 106 to epothilone A (1) as described below. 

At this stage, it was necessary to selectively remove the TBS group from the allylic hydroxyl 
group of 105, so as to allow macrolactonization of the seco-acid substrate (72). This goal 
was achieved by treatment of 38 with tetra-n-butyt ammonium fluoride (TBAF) in THF at 
25°C , generating the desired hydroxy acid 72 in 78% yield. The key macrolactonization re- 
action of 72 was carried out using the Yamaguchi method (2,4,6-trtchlorobenzoyt chloride, 
Et 3 N, 4-OMAP) at 25*C, affording compound 106 in 90% yield. Removal of both TBS 
groups from 108 (CF 3 COOH, Methylene chloride, 0 # C) furnished diol 70 in 92% yield. Final- 
ly, treatment of 70 with methylflrtfluoromethyOdioxirane led cleanly to epothilone A (1) (62% 
yield) and its -epoxide epimer (13% yield). Synthetic epothilone A (1) was chromatographi- 
cally purified (preparative thin layer chromatography, silica gel) and exhibited identical pro- 
perties to those of an authentic sample (TIC, HPLC. ( ]D. IR. 1 H and 1 3c NMR and HRMS). 

A similar sequence was followed for the synthesis of the 6S,7R-diastereoisomers 1 1 1 and 
112 of epothilone A (1) from compound 106 (Figure 14) via intermediates 107 (82% yield 
from 106). 109 (85% yield from 107), and 110 (95% yield from 109). Epothilone 111 was 
obtained as the major product, together with its -epoxide epimer 112 (87% total yield, ca 
2:1 ratio) from olefinic precursor 110 by methyi(tnfluoromethyl)dioxirane epoxldation. 

3. Total Synthesis of Foomilones B (Fioure 16) 
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The first approach to epothilone B (2) was designed with the aim of delivering, not only the 
natural substance, but also its 12S-diastereoisomer 125 (Figure 16), which in turn required 
the generation of both 12Z- and 12E-olefins. To this end, the yiide generated from phos- 
phonium salt 79 with equimolar amounts of NaHMDS in THF, was reacted with ketone 78 to 
afford a mixture of Z- and E-olefins 115 (ca 1:1 ratio) in 73% total yield. This mixture was 
carried through the sequence to the stage of carboxylic acids 119 and 120 (see Figure 16 
for details), which were chromatographicaily separable. Carboxylic acid 120 (mixture of ge- 
ometrical isomers) with the wrong stereochemistry at C6 and C7 (6S.7R) was abandoned at 
this stage, whereas the mixture of Z- and E-isomers 1 19 with the correct stereochemistry at 
C6 and C7 (6R.7S) was taken to the macro lactone stage (compounds 121 and 122) via hy- 
droxy acid 6', by: (I) selective desilylatlon of the C15 hydroxy! group (TBAF, THF, 75% 
yield); and (ii) Yamaguchi cydlzatton (37% yield of 121, plus 40% of 122). Deprotectlon of 
bis(silylether) 121 by treatment with CF3COOH in methylene chloride afforded dlol 71 in 
91% yield. Finally, epoxidatJon of 71 with mCPBA in benzene at 3°C gave epothilone B (2), 
together with its a-epoxide epimer 124 in 66% total yield and ca 5:1 ratio ( 1 H NMR) while 
the use of dimethyldioxirane, gave 2 and 124 in 75% total yield in the same ratio (ca 5 : 1 in 
favor of 2). Epoxidation of 71 with methyl(trifluoromethyl)dloxirane in CH3CN at O'C impro- 
ved the yield of epothilone B (2) and its -epimer 124 to 85%, but did not significantly chan- 
ge the diaatereoseiectivity of the reaction. Epothilone B (2) was purified by silica gel prepa- 
rative layer chromatography and exhibited identical properties (TLC, HPLC, [ ]q, IR, 1 H and 
1 3 C NMR, and HRMS) with those of an authentic sample. 

By the same sequence, and in similar yields, the macrocyde 122 containing the E-endocyc- 
lic double bond (Figure 16), waa converted to the l2S-epimeric epothilone B 125 and its - 
epoxy epimer 126 via dBiydroxy macrocyciic compound 123 (epoxidation with methyl(triflu- 
oromethyf)dioxJrane). 

In order to improve the efficiency of the route to epothilone B (2), a more stereoselective to- 
tal synthesis waa devised and executed as follows. Figure 17 addresses the stereoselecti- 
ve construction of intermediate 75 with the 1 2Z-geometry. Thus, condensation of the stabi- 
lized yiide 83 (obtained from 4-bromo-l -butene by: (I) phoaphonhjm salt formation; 00 anion 
formation with NaHMDS; and (ili) quenching with MeOC(0)CI) with aldehyde 82 proceeded 
smoothly to afford oleflnic compound 127 in 95% yield and as a single isomer. Reduction 
of the methyl ester in 127 with OIBAL resulted in the formation of allylic alcohol 128 (98% 
yield), which was deoxygenated by first reacting it with PhaP-CCU. and thence with 
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LiEt 3 BH, to afford the desired trisubstituted 12Z-olefin 130, via chloride 129, in 82% overall 
yield. The latter compound 130 was regioselectively hydroborated with 9-BBN and conver- 
ted to the primary alcohol 131 (91 %). which was then treated with ^-imidazole-Pt^P to 
afford iodide 81 (92% yield). This iodide was then used in an Enders alkylation reaction 
with SAMP hydrazone 80 to give compound 132 as a single isomer ( 1 H NMR) and in 70% 
yield. Treatment of hydrazone 132 with monoperoxyphthaiic acid magnesium salt (MMPP) 
in MeOH:phosphate pH 7 buffer (1:1) resulted in clean conversion to nitrile 133 (80% yield), 
which formed aldehyde 75 (82% yield) upon exposure to DIBAL at -78°C in toluene solu- 
tion. 

The homogeneous aldehyde 75 was converted to epothilone B (2) by the sequence depic- 
ted in Figure 18. Thus, condensation of the dianion of 76 with 75 as before (Figure 16), 
produced two diastereoisomers, 117a (6R.7S stereoisomer) and 117b (6S.7R stereoisomer) 
in high yield, and in ca 1 .3:1 .0 ratio (1 17a:1 17b). This mixture was carried through the indi- 
cated sequence to carboxylic acids 119 (32% overall yield from 75) and 119 (28% overajt 
yield from 75). which were separated by silica gel preparative layer or flash column chroma- 
tography and taken individually further along the sequence as described for the correspon- 
ding stereoisomers mixtures shown in Figure 16. Thus, 119 was selectively deprotected 
with TBAF to afford hydroxy acid 73 (73% yield), which was then cyclized to macrolactone 
121 in 77% yield by the Yamaguchi method. The conversion of 121 to epothilone B (2) and 
its -epoxide epimer 1 19 has already been described above (Figure 16). 

In an effort to improve the diastereoselecttvtty of the aldo! condensation between C1-C6 
and C7-C1 5 fragments, the following chemistry was explored (Figure 19). Thus, ketone 136 
(prepared from ketone 87. Figure 12, by selective reduction, followed by silylation) was con- 
verted to its enolate with stoichiometric amounts of LDA and reacted with aldehyde 75 (Z- 
isomer), affording coupling products 137 and 138 in 85% total yield and ca 3:1 ratio, with 
the desired compound 137 predominating as proven by its conversion to 119 and epothi- 
lone B (2). Thus, chfomatogmphie purification (silica gel. 20% ether in hexanes) led to 137. 
which was efficiently transformed to the previously synthesized intermediate 119 (Figure 18) 
as follows. The newly generated hydroxy! group in 137 was silylated with TBSOTf^Wuti- 
dine to furnish 139 (96% yield), which was then selectively desilylated at the primary positi- 
on by the mild action of camphorsulfonic acid (CSA) in MeOH-Methylene chloride, leading 
to 140 (85%). Finally, sequential oxidation of the primary alcohol with (COCI)2-DMSO-Et 3 N 
(95% yield) and Naa02-NaH 2 P04 (90% yield) led to hydroxy acid 119 via aldehyde 141. 
The conversion of 119 to 2 has already been described above (Figure 18). This sequence 
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represents a stereoselective and highly efficient synthesis of epothiione B (2) and opens the 
way for the construction of further analogs within this important family of microtubule bin- 
ding agents. 

The chemistry described in this example defines a concise methodology for the construction 
of epothilonee A (1) and B (2) baaed on a macrolactonization strategy, and which enjoys 
convergency and flexibility for structural diversity. The methodology is not limited to epothi- 
lonee A (1) and B (2), but can be extended to numerous intermediates and structural ana- 
logs included herein. In addition, the resultant analogs will play a crucial role in elucidating 
structure-activity relationships of these new substances and in determining their relevance 
to cancer chemotherapy. Binding assays, vida infra, have demonstrated that compounds 
70, 71, 123 and 12S show binding affinities to microtubules comparable to those of epothi- 
lones A (1), B (2). and Taxo!™. 

Example 3: Solid phase svnthasis of the e nothilones as illustrated in Figures 20- 
21 and Figures 49-50. 

In this example, we demonstrate the first solid phase synthesis of epothiione A (1) and the 
total synthesis of epothiione B (2), the generation of a small epothiione library, and the iden- 
tification of a synthetic epothiione that interacts with tubulin more potently than epothilonee 
A (1) and B (2) and Taxol (Figures 20-24 and Figures 49-50). The solid phase construction 
of 1 may herald a new era of natural products synthesis and, together with the solution pha- 
se synthesis of 2, paves the way for the generation of large combinatorial libraries of these 
important molecules for biological screening. 

The strategy for the solid phase synthesis of epothiione A (1) was based on the retrosynthe- 
tic analysis indicated in Figure 20 (Nlcolaou et al. Angew. Chem. Int Ed. Engl. 35. 2399- 
2401 (1998); Yang ft al. Angew. Chem. Int Ed. Engl. 30, 166.168 (1997)). Thus, it was an- 
ticipated that the three requisite fragments (143-148). one on a solid support (148), would 
be coupled together sequentially through an aldol reaction, an esterification reaction, and 
an olefin metathesis reaction, the latter simultaneously cyclWng and liberating the product 
from the solid support (144*148*143 leads to 142 which leads to 141; Figure 20). A simple 
desilyiation and epoxldation reaction would then complete the total synthesis of epothiione 
A (1) and analogues thereof (141 leads to 1 ; Figure 20). The outlook for obtaining two pro- 
ducts at each of the aldol. metathesis, and epoxldation steps waa considered advantageous 
for the purposes of library generation. 
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As illustrated in Figure 21, Merrifietd resin (146) was converted to phosphonium salt 147 in 
>90% yield by sequential reaction with: (i) 1 ,4-butanediol-NaH-n-Bu4NI catalyst; 00 PI^P- 
iodine-imidazole; and (iii) Ph$P. Preferred alternative resins, other than the Merrifteld resin, 
employable in this procedure include PEG-polystyrene, hydroxymethyl polystyrene, formyl 
polystyrene, aminomethyt polystyrene and phenolic polystyrene. Ylide 148 generated from 
147 by the action of NaHMDS in THFDMSO at 25°C, reacted with aldehyde 149 at 0°C to 
form olefinic compound 150 in >70% yield. The geometry of the double bond in 150 was 
tentatively assigned as Z, but its geometry was neither rigorously determined nor did it mat- 
ter for our purposes. Desilylation of 150 with HF-pyr., followed by Swam oxidation of the 
resulting primary alcohol furnished aldehyde 145 in high yield (>95%). The aldol condensa- 
tion of the polymer-bound aldehyde 145 with the dianion derived from keto acid 144 in the 
presence of ZnCI 2 in THF gave a mixture of diastereoisomers (ca 90% yield, ca 1 :1 ratio). 
Finally, introduction of the heterocyclic segment 143 onto the growing substrate was achie- 
ved by esterification, leading to the required precursor 152 in ca 80% yield. Exposure of 
152 to RuCI 2 («CHPh)(PCy3)2 catalyst (153) in methylene chloride at 25'C released from 
the resin olefinic compounds 154-156 and 141 (52% total yield, 154:155:156:141 ca 3:3:1:3 
as determined by HPLC). Compounds 154-156 and 141 could be separated either by HPLC 
or by preparative layer silica gel chromatography, and the two with the correct C6-C7 stere- 
ochemistry (e.g. 155 and 141) were deeilylated by exposure to TFA to afford epothilone pre- 
cursors 157 (92%) and 158 (90%), respectively. Epoxldation of 157 and 158 with trifluoro- 
(methyl)dioxirane then furnished epothilone A (1, 70%) and Its dlastereoisomer 159 (45%), 
respectively. The -epoxy isomers of 1 and 159 were also obtained in these epoxidation re- 
actions. Pure synthetic epothilone A (1) exhibited identical properties (TLC, [ ] 0 , 1 H and 
1 3 C NMR, IR and HRMS) to those of an authentic sample (Figure 21). 

The solid phase synthesis of epothilone A (1) described herein (Figures 20-24 and Figures 
49-50) represents a new concept tor the total synthesis of natural products, traces a highly 
efficient pathway to the naturally occurring epothitones, and opens the way for the genera- 
tion of large combinatorial epothilone libraries. The biological results demonstrate that more 
potent microtubule binding analogues than the parent epothilones can be obtained (e.g. 
compound 71 ; biological results vida infra) by chemical synthesis. Furthermore, our findings 
point to lipophilic substituents rather than the epoxide moiety as important elements for bin- 
ding activity. 
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The epothilone library (Figures 24-25) was designed without a methyl group at C-8 (the ne- 
cessity of this methyl group for biological activity will be tested first, through the synthesis of 
8-nor epothilone A prior to undertaking the construction of this library) for simplicity. The 
C1-C5 fragment is varied as outlined in Figures 24-25, whereas the stereochemistry at C-6, 
C-7, C-1 2 and C-1 5 is deliberately varied to multiply the number of compounds by two for 
each center. In addition, groups R1 . R3 and R4 also vary. The requisite building blocks 
(boxes, lower part of Figures 24-25) are known in the prior art and synthesized by standard 
methods; solid support is prepared from polystyrene as shown in Figures 24-25. The eno- 
lates of the corresponding ketoacids are generated by the action of IDA and the aldol pro- 
ducts are derivatized with R3 and condensed with 169 to afford 166. Palladium catalyzed 
coupling of 166 with specific aromatic stannaries, followed by olefin metathesis, form the 
macroring and simultaneously release the substrate from the solid support The remaining 
two steps are carried out in solution. The epoxidation is carried out using a solid phase- 
bound peracid or dimethyloxirane, (for minimal work-up procedures) and the desilylation 
step is conveniently achieved by HF«pyr in methylene chloride. The final products are ge- 
nerally pure enough for characterization and biological assay (or they can, rf necessary, be 
purified by HPLC) and their numbers may vary from hundreds to thousands (see description 
of figures section for figure 25 for a calculation of such a library). 

Example 4. Total Synthesi s of gooxalonea A and Eooxalone Analogs as 

lamd In Figum_24^s 

In this example, we report the total synthesis of a novel series of designed epothilones with 
an oxygen instead of a sulfur atom at position 20 (see Figure 24). The name epoxaiones 
(ep for epoxide, oxa for oxazole, one for ketone; cf epothilone: ep for epoxide, thi for 
thiazofe, one for ketone) is proposed for this new class of compounds. These compounds 
represent a preferred embodiment of the invention. 

The synthesis of the epoxalone A series was based on our olefin metathesis strategy to- 
wards epothilone A (1). This highly convergent and flexible sequence led to the construc- 
tion of compounds 161, 166, 160, 170, 171, 172, 175, 176, 177, 176, 179, and 160 in rapid 
fashion starting with building blocks 7, 8 and 163 (Figure 25). Thus, asymmetric ailylbora- 
tion of aldehyde 162 (obtained via the procedure by Kende et al. Tetrahedron Lett. 1995, 
36, 4741-4744) with Brown's (♦)-lpc 2 B(allyl) in Et 2 0-pentane at -100*0 furnished com- 
pound 163 in 91% yield and >98% ee. This alcohol was esterified with the mixture of car- 
boxylic acids 49 and 49 (ca. 5:3 ratio) obtained by aldol condensation of fragments 5 and 7 
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to afford compounds 164 and 166 as a ca. 5:3 mixture (82% total yield). Chromatographic 
separation (flash column, silica gel, 20% EtOAc in hexanes) of this mixture gave pure dia- 
stereoisomers 164 and 166. 

Subjection of precursor 164 (possessing the correct C6-C7 stereochemistry) to the olefin 
metathesis reaction [RuC^^CHPhHPCy^. CH 2 Cl2. 25°C] resulted in the formation of 
cyclic olefins 166 (40% yield) and 167 (29% yield) which were chromatographically sepa- 
rated (flash column, silica gel, 20% EtOAc in hexanes, 1:1) (Figure 26). Exposure of 166 to 
20% trifluoroacetic acid in CH2O2 at 25°C furnished diol 168 in 89% yield. Similar treat- 
ment of 167 led to 169 (95% yield). Epoxidation of 168 with methyl(trifluoromethyl)dioxirane 
furnished epoxides 161 (34% yield) and 170 (15% yield) which were separated by prepara- 
tive layer chromatography (silica gel. 75% EtOAc in hexanes). Similar treatment of 169 led 
to epoxides 171 (25%) and 172 (20%) (as illustrated in Figure 26). 

A parallel sequence starting with diastereoisomer 165 led to the 6S.7R series of epoxatones 
1 75-1 80 as summarized in Figure 27. 

The synthesized compounds (161, 168, 169, 170, 171, 172, 178, 176, 177, 178, 179, and 
180) were tested for their tubulin assembly properties using the Rltration-Colorimetric Assay 
(outlined vida infra) at 20 mM concentrations at 30'C and with pure tubulin. The most po- 
tent ones (161. 168, 169, 171 and 172) were then assayed at 0.1, 1.0. 2.0. 3.0. 4.0 and 5.0 
mM concentrations under the same conditions leading to the plots shown in Figure 28. 
Thus, both epoxalones 161 and 171 were found to be more potent than Taxol in inducing 
tubulin polymerization, whereas compounds 168, 169 and 172 snowed comparable or 
slightty less potencies than Taxol. The high potency of the trans-epoxide epoxalone 171 is 
perhaps the most striking observation in these studies and holds true for the corresponding 
trans-epoxides of epothilones A and B. 

The implementation of the macrolactonization strategy towards the oxazole series of epothi- 
lones B proceeded along a similar path developed for the corresponding thiazole series of 
epothilones. Figure 31 shows the stereoselective construction of the requisite aldehyde 
21 7 and phosphonium salt 220 starting with the readily available oxazole derivative 213. 
Thus, asymmetric addition of (♦)-lpc 2 B(allyl) to aldehyde 213 (see Figure 31). as described 
in the preceding section gave alcohol 214. Silyiation of 214 with TBSCI (for abbreviations, 
see description of figures) and imidazole gave 99% yield of silyiether 215. Selective dihy 
droxylation of the terminal olefin in 21 5 employing the Upjohn procedure (NMO-OsO* cat.). 
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followed by Nal0 4 cleavage of the resulting diol led to aldehyde 217 in excellent yield 
(93%). Reduction of the aldehyde group in 21 7 with NaBH 4 (99% yield) followed by expo- 
sure to Pl^P-l^imidazole furnished iodide 21 9 (87% yield) via primary alcohol 218. Finally, 
heating of 21 9 with Ph 3 P at 100 "C gave phosphonium salt 220 in 90% yield. 

In order to obtain both the 12E- and 1 2Z-isomers of epothilone 8 analogs, we initially under- 
took the non-stereoaelective synthesis depicted in Figures 32 and 33 in which the first step 
involves a Wittig reaction, yielding a 1:1 mixture of geometrical isomers. Thus, generation of 
the yiide from phosphonium salt 220 by the action of NaHMDS in THF at -20 *C, followed by 
addition of Ketone 221 , furnished compound 222 in 68% yield as a 1:1 mixture of iso- 
mers. Preparation of the desired aldehyde 224 from 222 required selective destination of 
the primary hydroxy! group (CSA, CH^Ci^MeOH, 0 to 25 *C, 92% yield) and oxidation of 
the resulting alcohol (223) with S03»pyr.-DMSO-Et 3 N (98% yield). 

The condensation of aldehyde 224 (mixture of 12E- and 122-geometrical isomers, Figure2 
32 and 33) with the anion derived from ketone (IDA, THF) proceeded smoothly at -78 *C to 
afford a mixture of diaatereomeric aldols 226 and 227 (ca 4:1 ratio) in 73% combined yield. 
Chromatographic separation (silica, preparative layer) led to pure 2226 and 227, each con- 
sisting of E- and Z- geometri cal isomers (ca. 1:1). Only the 6R7S diastereoisomer 226 
(less polar mixture of 012.13 geometrical isomers) was taken forward (polarity and compa- 
rison with the natural series was used as a guide to choose the desired 6R,7S-diastereoiso- 
mer at this stage). The geometrical isomers were separated after the macrolactonization 
reaction (vide intra). 

The next task In the synthesis was to prepare hydroxyadd (Figure 33). To this end, the hy- 
droxy group in 226 was silytated (TBSOTf-2.8-lutidine, 98%) to afford tris(silyiether) and 
then selectively deprotec te d at the primary position by exposure to CSA in MeOH:CHjClj at 
0 to 28 *C Hading to 228 (88% yield) . A stepwise protocol was used to oxidize primary al- 
cohol to the desired carboxyiic add: (I) (COCl) 2 -DMSO-Et 3 N, .78 to 0 'C. yielding aldehyde 
(94% yield); and (II) r^O r 2-methyl-2-butene, NaHaPO* furnishing acid (99% yield). Se- 
lective desilyiation at the alh/llc position with TBAF in THF then gave hydroxyacid in 78% 
yield. 

Yamaguchi macrolactonization of hydroxyacid as in the natural series (2,4,6-trichlorobenzo- 
yichioride-EtifM-OMAP. high dilution. 28 'Q, foUowed by preparative thin layer chromato- 
graphy (silica, 20% ether/hexanes) led to lactones 229 (Rf- 0.24. 38%) and 230 (Rf - 0.20. 



WO 98/25929 

•70- 

42%). The identity of 229 was proven by comparison with an authentic sample prepared by 
a stereoselective route. De protection of 229 and 230 was carried out with HFpyr. in THP at 
25 °C and furnished diols 231 (62% yield) and 232 (82% yield), respectively. Finally, epoxi- 
dation of 231 and 232 with mCPBA in CHCI 3 at 0 °C furnished the corresponding a- and p- 
epoxides (2+30, 40% total yield, ca 5:1 ratio, and 31+32, 45% total yield, ca 6:1 ratio). The 
stereochemical assignments shown in Figure 33 for these compounds are tentative and are 
exclusively based on comparisons with the series related to natural epothiione B. 

A stereoselective synthesis of the 012,13-series of the oxazole-containing epothilones 
(231 , 233 and 234) was also developed and is shown in Schemes 33, 34 and 35. Thus, the 
desired geometry of the 012,13 position was fixed by condensation of the stabilized yiide 
(Figure 34) with aldehyde 21 7 (benzene, D), a reaction that led to 90% yield of compound 
237. Subsequent reduction of the ester group of 237 (0IBAL, CH2CI2. -78 *C, 99% yield), 
chlorination (Ph 3 P, CCI 4 , 0, 81%), and further reduction (LiEt 3 BH, THF, 0 °C, 97% yield) 
furnished intermediate 240 via allylic alcohol 238 and chloride 239. Selective hydroboration 
of 240 at the terminal olefin site was achieved by the use of 9-BBN, and after oxidative work 
up, primary alcohol 241 was obtained in 92% yield. Conversion of 241 to iodide 242 was 
subsequently carried out by the standard ^-imidazole- Pt^P procedure (89% yield). The io- 
dide 242 was then used to alkylate the SAMP hydrazone (IDA, THF, -100 to -20 *C). furni- 
shing hydrazone 243 in 70% yield. The latter compound (243) was then transformed se- 
quentially to nitrite 244 (MMPP, MeOH-phosphate buffer pH 7, 0 *C. 46% yield), and thence 
to aldehyde 224 (OIBAL, toluene. -78 *C. 84% yield). 

The aldoi condensation of the llthJoderivative of the ketone with stereochemicaily homoge- 
neous aldehyde 224 (Figure 35) proceeded in a similar fashion to the case of the E2 mix- 
ture described above, leading to pure compounds 246 and 246. After chromatographic se- 
paration, the pure 6R7S-diastereoteorner 245 {tentative assignment of stereochemistry ba- 
sed on polarity (lees polar) and comparison to the natural series] was taken through the se- 
quence, and on to the final products 233 as detailed in Figure 35. 

Example 5. The 4.4-athano aeries of eoothllone A analooa 

A. Olefin Metathes is Approach as illustrated in Figures 40-48 

Applying the olefin metathesis approach to epothilones, we have synthesized a series of 
cyclopropane containing epothiione A analogs. These compounds considerably enrich the 
known epothiione libraries in terms of molecular diversity and numbers. Biological invest!- 
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gations with these analogs established useful structure-activity relationships within this im- 
portant class of compounds. Interestingly, while the oxazoie series of compounds exhibited 
comparable tubulin polymerization activity and cytotoxicity to the corresponding thiazole se- 
ries, the 4,4-ethano-epothilones proved inactive. These results underscore the importance 
of conformational precision in these compounds for biological action. 

Following the same retrosynthetic rationale as the one outlined above for the oxazoie ana- 
logs, the 4,4-ethano epothilone A was analyzed as shown in Figure 40. This time, the ana- 
lysis led to building blocks 271, 7 and 272. The latter compound (272) was easily traced to 
p-ketoeater 275 via intermediates 273 and 274. The forward construction of 267 and its 
congeners proceeded as follows. 

We began with the synthesis of cyclopropyi-ketoacid 31 (Figure 41). Thus, reaction of 1 ,2- 
dibromoethane with ethyl propionylacetate (275) in the presence of K2CO3 at ambient tem- 
perature resulted in the formation of cydopropyl ketoester 276 (60% yield). Reduction of 
the ester- and keto- groups with UAIH4 (93% yield) followed by Swem oxidation of the re- 
suiting diol [(COCO2; DMSO; Et 3 N) furnished ketoaldehyde 274 in 64% yield. Chemo- and 
stereoselective addition of (+)-lpc 2 B(allyl) to aldehyde 274 (>65% ee by Mosher ester ana- 
lysis), followed by silylation (TBSOTf; 2,6-lutidine) of the generated secondary alcohol, gave 
silyl ether 273. Rnally, cleavage of the terminal olefin in 273 with Nal0 4 in the presence of 
catalytic amounts of RuCI 3 «H 2 0 in MeCN-H 2 0-CCI 4 (2:3:2) at 25 °C yielded the desired ke- 
toacid 272 in 43% overall yield from cydopropyl ketoaldehyde 274. 

The dianion of ketoadd 272 (LDA in THF at -30 *C) reacted with aldehyde 7 to form aidols 
270 and 277 in ca. 2:3 (ratio by 1 H NMR) (Figure 42). The coupling of the mixture of 270 
and 277 with fragment 271 was facilitated by EOC and 4-OMAP and the resulting hydroxy- 
esters were chromatographically separated to afford pure 269 (15%) and 278 (36%). 

Ring 'closure of advanced intermediate 269 and epoxidation of the desilylated cyclic dtois 
are shown in Figure 43. Thus, stirring of 269 with Rua 2 (»CHPh)(PCy3)2 catalyst in 
CH 2 Q 2 at 25 a C followed by chromatographic separation (silica gel, preparative thin layer) 
furnished cis- and trana-oleflns 268 (37% yield) and 279 (35% yield), respectively. The cor- 
responding diols 280 (65% yield) and 281 (62% yield) were obtained by treating the respec- 
tive silyl ethers with 25% HPpyr. in THF at ambient temperature. Finally, epoxidation of 
280 with methyl (trtfluoromethyi)dtoxirane gave epoxides 267 (or 282) (50% yield) and 282 
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(or 267) (29% yield), whereas similar treatment of 281 furnished 283 (or 284) (11% yield) 
and 284 (or 283) (31% yield). The stereochemistry of epoxides 267, 282*4 is unassigned. 
The other aldol product, compound 278, was processed in a similar way as described abo- 
ve for 269, furnishing the 4,4-ethano-epothilone A analogs 287-292 as shown in Figure 44. 
Again, the stereochemical details of these compounds remain unassigned. 

S. Macrolactonization Approach 

The 4,4-ethano analogs of epothilones B were designed in order to test the tolerance of the 
receptor site for the substitution of the gem-dimethyl group of the natural substance. As the 
retrosynthetic analysis of Figure 45 succinctly shows, the requisite fragments for the synthe- 
sis of the designed 4,4-ethano-epothilone B (267) and its relatives, are defined as frag- 
ments 75 and 294. The synthesis of building block 294 was described in conjuction with the 
stereoselective total synthesis of epothilone B, whereas that of building block 294 is shown 
in Figure 46. 

Thus, the ketocyclopropane derivative 273 (Figure 46). described in the preceding section 
was subjected to ozo no lysis and subsequent reduction with PI^P to afford aldehyde 295 in 
90% yield. Further reduction pjAI(OtBu) 3 H, THF, -78 *C], followed by silylation of the resul- 
ting primary alcohol 296 (TBSCI, Et 3 N. 4-DMAP) furnished ketocyclopropane fragment 294 
in 83% overall yield. 

Figure 47 details the coupling of fragments 294 and 75 and the assembly of a series of 4,4- 
ethano-epothilone B analogs. Thus, generation of the lithium enoiate of ketone 294 with 
LDA in THF at -78 *C to -60 # C, followed by addition of aldehyde 75 resulted in the forma- 
tion of aldols 297 and 298 in ca 1:2 ratio and 71% total yield. Stereochemical assignments 
were based on a X-ray crystallography analysis of a subsequent intermediate, and will be 
discussed below. The difference in the ratio of aldol products between fragments 298 (ca 
1 :2, Figure 47) and 297 (ca 4:1 , set Figure 36) is rather striking, and it may have its origin 
in the effect of the cyclopropane ring on the transition state of the reaction. The two diaste- 
reomeric aldol products 297 and 298 were chromatographically separated (silica, flash co- 
lumn chromatography) and processed separately in order to obtain both the 6S.7R and 
6R.7S series of compounds. 

Thus, stereoisomer 297 (Figure 47) was silylated with TBSOTf and 2,6-lutidine affording 
tris(silylether) 299 in 92% yield, and then exposed to the action of CSA in CH2O2:Me0H at 
0 to 25 *C to give hydroxy bis(silylether) 301 (74% yield) in which only the primary hydroxy! 
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group was liberated. Stepwise oxidation of 301 with: (i) (COCI)a, DMSO, EfcjN, -78 to 0 9 C, 
96% yield, and (ii) NaCIOa. 2-methyl-2-butene, NaH a P0 4 , 91% yield, gave sequentially alde- 
hyde 303 and carboxylic acid 30S. Selective desilylation of 305 with TBAF in THF at 25 °C 
furnished the desired hydroxyacid 293 in 62% yield. 

The intended macrolactonization of 293 was accomplished by the Yamaguchi method 
(2,4,6-trichlorobenzoytchloride, EfeN, 4-DMAP, toluene, 25 °C, high dilution), furnishing 
compound 308 in 70% yield. Exposure of 308 to HF«pyr. in THF at 25 °C resulted in the re- 
moval of both silyl groups, leading to dfol 268 in 92% yield. Finally, epoxidation of 268 with 
(trifluoromethyl)methyldioxirane in MeCN resulted in the formation of epothiione B analogs 
267 and 31 1 in ca 8:1 ratio (by 1 H NMR) and 86% total yield. Preparative thin layer 
chromatography (silica, 5% MeOH in CHjCtj) gave pure epothiione B analogs 267 and 312. 

The same chemistry was performed with dlastereoisomer 298 (Figure 47) leading to epothi- 
ione B analogs 310, 312 and 313 via intermediates in similar yields to those described for 
297. The latter compound (309) crystallized as long needles from MeOH-EtOH (mp. 157 *C) 
and provided for X-ray crystallo graphic analysis which revealed its stereochemical structure 
(see ORTEP drawing in Figure 48). 

Example 6. Solid Phase synthesis of designed aoothitona analogs basad on 
combinatorial approach, tubulin assembly orooertiaa of compounds 
and cytotoxic actions against tumor cell lines as illustrated in Figures 
49-50 and Figures 63-68 

In this example, we illustrate (a) the solid phase synthesis of several epothiione A analogs 
based on a combinatorial approach; (b) the tubulin assembly properties of an extensive li- 
brary of compounds; and (c) the cytotoxic actions against breast and ovarian carcinoma 
ceils (including a number of Taxoi-resistant tumor ceH lines) of a selected number of these 
designed epothilones. Trie results provide comprehensive information on structure-activity 
relationships of epothilones and set the foundation for their further development 

The structures of epothilones are amenable to modification by changing the configuration of 
certain stereocenters, the geometry of the double bonds, the size of the rings, and the natu- 
re of their substituents. Our synthetic strategies towards these molecules were, therefore, 
designed on the premise of modifying these elements so as to reach optimum molecular di- 
versity and obtain a maximum number of library members. Figure 64 includes the structures 
of an epothiione library obtained by solution and solid phase combinatorial methods as de- 
scribed wde supm. Biological screening of these compounds was expected to lead to the 
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establishment of sufficient structure-activity relationships to allow the next phase of the pro- 
gram, the design, synthesis and identification of potential drug candidates, to proceed along 
a narrower track. 

The strategy for the construction of a library of epothilone A analogs was based on our epo- 
thilone A and an established variation of solid phase synthesis using Radiofrequency Enco- 
ded Combinatorial (REC™) chemistry (Nicolaou et at. Angew. Chem. 1995, 107, 2476- 
2479; Angew. Chem. Int. Ed. EngL 1999, 34, 2289-2291; Moran et a). J. Am. Chem. Soc. 
1 995, 117, \ 0787-1 0788). Figure 50 summarizes the synthesis Of a library of 1 2, 1 3-deso- 
xyepothilones A from the three key fragments generically denoted as 330, 331 and 332. 
Thus, SMART Microreactors™ containing Merrifield resin were smoothly converted to Micro- 
reactors 148 by chain extension and phosphonium salt formation as outlined in Figure 50 
(the reported combinatorial chemistry was performed using MicroKans™, while a single 
MicroTube™ was utilized to synthesize a set of four epothilones A fi e. 422, 425, 465 and 
460, Figures 64 and 65)). Phosphonium salt resin 148 was then sorted according to the ra- 
diofrequency tag and treated with NaHMDS to generate the corresponding ylides which we- 
re reacted with the aldehydes 330. The SMART Microreactors 333 were pooled for washing 
and subsequent deprotection and oxidation to obtain the polymer-bound aldehydes 335. 
Further sorting and treatment with the dianion of the ketoacids 331 provided the polymer 
bound carboxylic acids 336 as a mixture of diastereoisomers. Resorting and esterification 
with alcohols 332 afforded dienes 337. The SMART Microreactors were separately treated 
with RuCl2(=CHPh)(PCy3)2 catalyst to simultaneously effect cyclization via olefin metathe- 
sis, and cleavage of the products, leading to products as mixtures of four 1 2,1 3-desoxy epo- 
thilones A (339, 340, 341, 342). Each mixture was identified and subjected to preparative 
thin-layer chromatography to provide pure compounds, which were individually deprotected 
by treatment with TFA in dtahloromethane and then epoxidized accordingly. 

The epothilone library (Figure 64) waa screened for induction of tubulin assembly with 5 mM 
compound at 37 *C. Previously tasted compounds (in F^gun 64) were re-evaluated tor 
comparative purposes. Moat analogs were subjected to more detailed investigation in cyto- 
toxicity assays with human ovarian and breast cancer cells, including Taxol-resistant lines, 
and a quantitative tubulin assembly assay that differentiates between potent taxoid com- 
pounds (Figure 65). It soon became apparent that compounds with assembly values below 
40% in the screen yielded high EC50 values in the quantitative assay and had little inhibi- 
tory effect on cell growth (only positive results shown in Figure 65). 

A standard glutamate assay tested the hypothesis that taxoids more active than Taxoi in 
tubulin assembly would also be more cytotoxic; and this waa validated with over fifty ana- 
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logs. With the epothilones, however, the quantitative assay was less successful. A low 
glutamate concentration resulted in a high false negative rate in predicting cytotoxicity, while 
higher glutamate concentrations (e.g. 0.7 M, Figure 65) were comparable to the screening 
assay in identifying cytotoxic analogs. If "significant" cytotoxicity is defined as an IC50 value 
below 10 nM, we identified nine analogs with activity against the breast and ovarian lines 
(161, 234, 46, 126, 171, 233, 126, 172, 71, and 231). With the screening assay, there were 
no false negatives, but there were seven false positives (agents with limited cytotoxicity 
yielding >40% polymerization) among examined compounds. With the glutamate assay, 
the same results were obtained. The nine cytotoxic analogs had EC50 values of 3.3-13 
mM, but an additional nine agents had EC50 values of 6.0-17 mM. 

Two Taxol-resistant lines were generated from the 1 A9 ovarian cells, and resistance resul- 
ted from mutations in the M40 gene, which codes for a highly expressed b\ isotype in the 
parental and resistant cell lines. The altered amino acids were residue 270 in the 
1 A9PTX1 0 line (Phe->Val) and 364 in 1 A9PTX22 (AI->Thr). This agreed with other obser- 
vations that the Taxol binding site is on p-tubuiin. In preliminary results reported with 1 (vida - 
supra) and several analogs that 1A9PTX22 cells retained nearly complete sensitivity to epo- 
thilones, while 1A9PTX10 cells remained partially resistant to the drugs, these findings 
have been confirmed (Figure 65). The relative resistance observed with 1 A9PTX22 cells 
was 27-fold with Taxol and 1 .0-2.7-fold with the eleven cytotoxic epothilones. With 
1 A9PTX1 0 cells, relative resistance was 23-fold with Taxol and 3.5-9.1 -fold with the epo- 
thilones. The Taxol and epothiione binding sites could overlap, since 1 and 2 are competi- 
tive inhibitors of Taxol binding to tubulin polymer, if one assumes that Phe27<j and Ala 364 
interact directly with Taxol, the results with the resistant cells suggest that Phe 27 o is more 
important than AJa^ in the interaction of epothilones at the Taxol binding site. 

The data shown In Figure 64 and 65, together with previously reported results, revealed im- 
portant information regarding structure-activity relationships for in vitro tubulin polymeriza- 
tion and cytotoxicity, and lead to several conclusions. That the macrocycie is important was 
confirmed by the lack of significant tubulin polymerization activity of the open chain olefin 
metathesis precursor 4b. Inversion of the 3-OH stereochemistry resulted in reduced tubulin 
polymerization potency. Interestingly, however, o,B-unsaturated lactones (e.g. 42 and 36) 
retained significant tubulin assembly properties (Figure 65) suggesting a conformational, 
rather than a direct binding effect, for this hydroxy! group. Neither 42 nor 36. however, exhi- 
bited significant cytotoxicity indicating an additional role for the 3-OH group. Substitution of 
the 4-genwllmethyl with a 4.4-ethano moiety (e.g. 267a and 267b) resulted in loss of tubulin 
polymerization activity in all cases, pointing to the crucial importance of a proper conforma- 
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tion of epothilonea for biological activity. Apparently the partial sp 2 character and the ac- 
companied widening of the C3-C4-C5 angle introduced intolerable conformational changes 
within the macrocycle for effective interaction with tubulin. Another dear requirement for tu- 
bulin polymerization activity was the (6H.7S) stereochemistry as revealed by the failure of 
all (6S,7fl) stereoisomers to induce tubulin polymerization at significant concentrations (e.g. 
64, 425, 432-438, 443, 289, 312, 290, 313, 287, 319, 450-451, 484, and 37, Figures 64- 
65). Interesting, also, was the notable decrease in interaction with tubulin upon inversion of 
the C8 methyl group (e.g. 458 ve 49), introduction of a gem-dimethyl group at C8 (480 49 
and 455 vs 50), and removal of the C8 methyl group (e.g. 459 vs 49 and 458 vs 49 and 
439vs58). 

The importance of the natural stereochemistry (125,1 3 A) for the epoxide was demonstrated 
by the general trend of the unnatural 12R.13S epoxides to exhibit lower activities in indu- 
cing tubulin assembly. Most interestingly, both the ris and trans olefins corresponding to 
epothiiones A and B were active in the tubulin assembly assays, and the activities of the as 
olefins were comparable to those of the natural substances. However, we found that the 
cis and, especially, the trans olefins were significantly less cytotoxic than the naturally oc- 
curring epoxides (49 and 50 vs 1 , 71 and 123 vs 2). Moreover, both the a- and B-epoxkies 
derived from the 1 2,13 Solefinic precursors exhibited considerable ability to induce tubulin 
assembly and inhibit cell growth (58, 171 and 172 vs 1, 128 and 126 vs 2; in fact com- 
pound 125 appears to be the most cytotoxic analog from those shown in Figure 64). 

The C1 2- methyl group consistently bestowed higher potency to all epothiiones studied as 
compared to the Cl2-d**>methyt counterparts (e.g. 2 vs 1 and 233 vs 161), with the excep- 
tion of compounds 58 and 87 where comparable results were obtained. Inversion of confi- 
guration at C1 5 led to loss of ability to induce tubulin polymerization (141 vs 49, 349 vs 80). 
Replacement of the C16-methyt with an ethyl group also reduced activity in the tubulin as- 
say (461 vs 49, 487 vs 80) suggesting that the methyl group may play a role in maintaining 
the planar conformation of the side-chain. The inactivity of the C1 6-C1 7 epoxides further 
supports this conclusion. The epothilone pharmacophore tolerated some heterocyde modi- 
fications. Thus, a number of oxazole derivatives exhibited activity comparable to the corres- 
ponding thiazoles. Furthermore, replacement of the thiazole with a 2-pyridyl moiety led only 
to a slight decrease in activity in the tubulin assays, whereas substitution of the C23-methyl 
with a phenyl group yielded inactive compounds). Figure 63 summarizes graphically the 
structure-activity relationships within the epothilone family of compounds as derived from 
these and previous studies. 
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The reported work demonstrates the power of interfacing combinatorial chemistry with che- 
mical biology as facilitated by solid phase synthesis. REC chemistry and modem biological 
assays. Furthermore, this research should facilitate the process of drug discovery and de- 
velopment in the area of cancer chemotherapy. 

Example 7. Total Synthesis of Eoothilone E and Sida-C hdn Eoothilona Analogs 
via the Sflilfl Coupling Reaction aa illustrated In Figures 51.56. 

In this example we report the first total synthesis of the naturally occurring epothilone E (Fi- 
gure 51) via an olefin metathesis reaction to form the macrocycle and a Stille coupling to 
construct the side chain. In addition, the developed strategy was applied to the synthesis of 
a library of analogs containing a variety of aromatic systems in place of the 2-methytthiazole 
moiety of natural epothilone A (see Figures 54-55). 

Figure 51 outlines, in retrosynthetic format, the highly convergent metathesis-SUIIe strategy 
towards epothilone E and the analogs shown in Figures 54-55. The utilization of a common 
advanced intermediate gives this Stille strategy a distinct advantage in delivering rapidly a 
plethora of side-chain modified epothilone analogs for biological screening. 

The epothilones shown in Figures 54-55 were constructed as summarized in Figure 52. 
Thus, alcohol 350, prepared in 91% yield by addition of (+)-allyldiisopinocampheyl borane 
(lcp2B(allyl)) to aldehyde 349, was coupled with carboxylic add 349 (mixture of C6-C7 dia- 
stereoisomers in ca. 3:2 ratio in favor of 349) with DCC and 4-OMAP to afford ester 391 
(49% yield, after chromatographic separation from its C6-C7 diastereoisomer). Exposure of 
391 to catalytic amounts of RuCt2(*CHPh)(PCy3)2 in CH2CI2 at ambient temperature resul- 
ted in a mixture of de- and frans-cydlc define which were chromatographicdly separated 
on silica gel followed by dedication leading to diols 394 (94%) and 399 (95%). respectively. 

The required stannanes were either commercially available, synthesized according to litera- 
ture procedures or by the sequences shown in Figure 53. For the synthesis of epothilone E, 
dibromide 399 was selectively metaJlated with n-BuU and then reacted, in the presence of 
HMPA. with dimelhytformamide (DMF) to afford after NaBhU reduction aJcohd 390 in 63% 
overall yield. Protection of 390 as a silyl ether (TBSQ, imidazole, 96% yield) followed by a 
second metallation (n-BuLi) and exposure to r>Bu3SnCI (95% yield) furnished after dedica- 
tion (TBAF, 95% yield) stannane 393. The synthesis of stannane 371 required: (i) Sono- 
gashira coupling of dibromide 399 with 4-pentyn-l-d ((Pd(PPh3)4-Cul, r-P^NH, 70 'C, 93% 
yield] 00 chemoselective hydirogenation of the tride bond (cat RO2-H2. 100% yidd); and 
reaction with Me3SnSnMe3-cat Pd(PPh3)3 (toluene. 100 'C, 93% yidd). Stannane 373 
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was prepared from dibromide 358 by reaction with piperidine (60 °C,100% yield), followed 
by palladium-catalyzed coupling with Me3SnSnMe3 [Pd(PPh3)4, toluene, 80 °C, 100% 
yield]. Similarly, 37S was obtained from 358 by reaction with NaSMe (EtOH, 25 °C, 94% 
yield) followed by exposure to cat. Pd(PPh3)4 and Me3SnSnMe3 (toluene, 80 "C, 100%). 

Attachment of the aromatic moieties to the macrocyciic framework of vinyl iodides 354 and 
355 was performed with the aromatic stannanes shown in Figures 54-55 under palladium- 
catalyzed Stille-type conditions A [Pd(PPh3)4. toluene, 100 °C] or B [Pd(CN)2Cl2. DMF, 
25 °C]. Figures 54-55 include a selection of the synthesized epothilone A analogs, the 
coupling method, and the obtained yields. 

Epothilone E (358b, Figure 56) was synthesized from its desoxy analog 358a (Figure 54) by 
epoxidatlon with H2O2-KHCO3-CH3CN in methanol as shown in Figure 56 (65% yield, ba- 
sed on 50% conversion). Synthetic 358b exhibited identical 1 H and 1 3C NMR spectra to 
those of the natural substance. 

Epothilone E (358b) exhibited 52% tubulin polymerization as compared to 76% for epothi- 
lone A, 98% for epothilone B and 50% for Taxol in the filtration-colorimetric tubulin poly- 
merization assay. 

Examples. Construction of 26-aubstitute d eoothilonea as illustratd in Figures 57-62 

In this example, a series of 26-substituted epothilones has been constructed by total syn- 
thesis involving a selective Wittig oiefination, an aldoi reaction, and a macrolactonization as 
key steps. 

The approach to the C26-modifled epothilones B. follows the same path as that developed 
for epothilone B (vida supra), and Involved the following steps: (a) a stereoselective Wittig 
oiefination; (b) an aldol condensation; and (c) a macrolactonization (see Figures 57-62). 

With large quantities of the allyllc alcohol 392 (Figure 37) at our disposal, our immediate 
task was the selection of a suitable group for the protection of the primary hydroxy! functio- 
nality at C26. A triphenyimelhyi (trityt) group was judged to be most useful for this purpose, 
and indeed served admirably throughout the course of the synthesis. Thus, the key C7-C22 
aldehyde fragment 257 was synthesized from 251 as shown in Figure 37. Protection of 251 
as a trityt ether (trityl chloride, 4-OMAP, DMF) furnished 252 in 99% yield. Regfoseiective 
hydroboration employing 9-BBN, and an ensuing basic hydrogen peroxide work-up led to 
primary alcohol 253 in 94% yield, which was converted to iodide 254 by the action of PI^P, 
iodine and imidazole in the mixed solvent system of MeCN:Et20 (3:1. 90% yield). Stereo- 
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selective alkylatlon of SAMP hydrazone via its lithio derivative (LDA THF, -78 to 0 °C), with 
iodide 254 (-100 to -20 °C, 94% yield, based on ca. 70% conversion) led to hydrazone 
255. The transformation of 255 to nitrile 256 proceeded smoothly under the influence of 
MMPP (91% yield), and reduction of the latter with OIBAL in toluene at -78 "C provided the 
key aldehyde 257 in excellent yield (97%). 

The coupling of the C1-C6 ketone fragment with aldehyde 257 via a syn-selective aldoi re- 
action (LDA, -78 °C) as shown in Figure 38 furnished compound 258 along with its (6S.7R)- 
diastereoisomer (85% total yield, ca. 3:1 ratio in favor of 13). Chromatographic purification 
(silica gel, 20% Et 2 0.in hexanes), followed by situation (TBSOTf, 2,6-lutidine, methylene 
chloride, 0 °C, 92% yield) gave tetra(sllyl) ether 259. The use of buffered pyridinium hydro- 
fluoride in THF (alternatively CSA in methylene chloride/ methanol) permitted selective de- 
sityiation of the primary TBS group (74% yield), which was sequentially oxidized to aldehyde 
261 [(COCO2. DMSO. Et 3 N], and thence to carboxytic acid 262 (NaCI0 2 , 99%). Selective 
desilylation at C1 5 was achieved by the use of TBAF in THF providing the seco-acid 263 in 
89% yield. The latter compound was in turn subjected to the macrolactonization conditions 
described by Yamaguchi allowing isolation of the lactone 264 in 75% yield. Exposure of 264 
to pyridinium hydrofluoride in THF promoted concomitant removal of both the silyi groups 
and the trityl moiety, leading to trio! 265 in 78% yield. Alternatively, treatment of 264 with 
camphorsulfonic acid in MeOH and methylene chloride resulted in the selective removal of 
the trityl group, giving 266 in 70% yield. Sharpless asymmetric epoxidation of 265 then gave 
26-hydroxyepothilone B (266) in 76% yield and as a single diastereoisomer (as judged by 
both TLC and 1HNMR analysis). 

The ready availability of the above compound 266 and intermediates facilitated rapid ac- 
cess to a number of 26-substituted epothilones. As indicated In Figure 57-62, ailylic alcohol 
392 was converted. In high yield, to the corresponding esters 1 0OOa-c (see Figure 57 de- 
scription of figures for explanation of steps) by reaction with the corresponding acid anhy- 
dride or chloride under basic conditions tallowed by desilylation. Mn0 2 oxidation of 265 
proved highly efficient providing o>unsaturated aldehyde I000d (step d in 85% yield. 
Further oxidation of 1 0OOd with NaCIC^ led to carboxvlic acid 1 0OOe (step e) (98%) which 
was convened to methyl ester 1000f (step f) by treatment with CH2N2 (80%). Metrication 
(NaH-Mel) and benzylation (NaH-PhCH 2 Br) of 266, followed by desilylation afforded metho- 
xy and benzyioxy compounds 1000h, and 10001, respectively. Halogenation (DAST or 
ca 4 -Ph 3 P), followed by desilylation, led to chloride 397 or 398 (ae epoxide) (73% overall 
yield) or fluoride 398 (81% overall yield). The aldehyde obtained from Mn0 2 oxidation of 
403 (90%) was subjected to Wittig methylenation (88%) furnishing, after desilylation (85%). 
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terminal olefin 1000k. Similar chemistry was employed for the preparation of epothilones 
lOOOa-n and lOOOa'-l', 395, 398, 401, 404, 407, 413 and 415 as shown in Figures 57-62. 

Example 9. Construction of 14-. 15-. 17- and 18-membered rino relatives of 

eoothilone A as illustrated in Figures 67-70. 

This example describes the construction of 14-, 15-, 17- and 18-membered ring relatives of 
epothilone A and their desoxy counterparts have been obtained by total synthesis and bio- 
logically evaluated for their tubulin polymerization properties as shown in Figures 67-70. 

This example reveals considerable structural distortions inherent in the [14]-, [15]- and [17]- 
membered ring epothilones, whereas the overall shape of [l8]-epothilone A remained rela- 
tively unchanged as compared to natural epothilone A ([16]-epothilone A), heightening ex- 
pectations for biological activity of the latter compound, if not for the others. 

The charted route projected epoxidation of the C1 2-C1 3 double bond of the macrocycle as 
the final step and a convergent assembly of the epothilone skeleton via a Wittig reaction, an 
aldol condensation, and a macrolactonization. This strategy required fragments 1006,. 1007 
and 1010 • Figures 67-70(made exactly as similar analogs described vida supra) or the con- 
struction of the key intermediates 1018 and 1016 (Figures 67-70) needed for the 14- and 
1 5-membered rings. A slightly different strategy for the synthesis of key building blocks 
1033 and 1036 needed for the 17- and 18-membered rings was adopted requiring frag- 
ments 1019, 1021 and 1022 Figures 67-70(made exactly as similar analogs described 
above). 

Aldehyde 1006 (Figure 68) was available via a literature procedure (Eguchi et al. J. Chem. 
Soc. Chem. Commun. 1994, 137-138) and served a precursor for the second required alde- 
hyde, 7. Thus, definition of 1006, hydroboration of the resulting olefin, and oxidation of the 
resulting primary alcohol 1009 furnished the desired aldehyde 1007 in excellent overall yield 
(see Figure 68). Each of these two aldehydes (1 006 and 1 007) was condensed separately 
with the yiide derived from phosphonium salt 1010 (NaHMDS, THF) to afford the correspon- 
ding Z-olefins [101 1 (77%) and 1012 (83%)] as the major geometrical isomer in each ease 
(ca. 9:1 ratio). The silyi group waa then selectively removed from the primary hydroxyl group 
by the action of CSA leading to alcohols 1013 (81%) and 1014 (61%). Finally, oxidation of 
1013 and 1014 with SCypyr. (DMSO-B3N) led to the targeted intermediates 1015 and 
1016 in 81 and 84% yield, respectively. 
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The reverse ylide-aldehyde condensation approach shown in Figure 69 was utilized for the 
construction of advanced intermediates 1033 and 1035. Thus, alcohol 1017 was converted 
to iodide 1018 by treatment with Pf^P-^-imidazole (95%) and thence to phosphonium salt 
1019 by heating with Ph 3 P (neat, 100 °C, 97%). A similar sequence was used to prepare 
phosphonium salt 1021 from the bromide 1020 as the intermediate. The ylides derived from 
1019 and 1021 (NaHMDS, THF) reacted with aldehyde 1022 to produce Z-olefins 1023 and 
1026 in 85 and 79% yields, respectively, as the major isomer (ca. 9:1 Z:E ratio). 

Each product, 1023 and 1026, was selectively desilylated at the primary position with CSA, 
furnishing alcohols 1024 (99%) and 1027 (95%), respectively, and then converted tp the 
corresponding iodides 1025 (84%) and 1028 (98%) by exposure to Pf^P-l^imidazole. 

The iodides 1 025 and 1 028 were used to alkylate SAMP hydrazone 1 029 according to the 
method of Enders, furnishing compounds 1030 and 1031 in 60 and 82% yield, respectively. 
Each hydrazone (1030 and 1031) was converted tp the corresponding nitrite (1032, 99% 
and 1034, 96%) by reaction with MMPP, and then to the desired aldehydes 1033 (90%) and 
1035 (81%) by DIBAL reduction. 

Figure 70 shows the coupling of the C1 -C6 segment 1 036 with fragments 1 01 5, 1 01 6, 1 033 
and 1 035 and the elaboration of the products to the targeted epothilones. Ait synthesis de- 
scribed in this example are carried out with identical conditions and amounts as that of epo- 
thilone A and B. Thus, the enolate generated from ketone 1 036 (IDA, THF, -78 *C) reacted 
smoothly with aldehydes 1015, 1016, 1033 and 1035, affording compounds 1037 (71%). 
1 038 (72%), 1041 (77%) and 1042 (60%) as the aldol products together with their 6S,7R-di- 
astereoisomem (see Figure 70 for individual yields) which were removed by silica gel chro- 
matography. These compounds were then silytated (TBSOTf-2.6-lutitine) leading to tetra(si- 
lyOethers 1039, 1040, 1043 and 1044 in 85-95% yield. Selective removal of the silyi group 
from the primary position with CSA led to alcohols 1045, 1046, 1048 and 1050 which were 
oxidized to the corresponding aldehydes (1047, 1048. 1051 and 1052) under Swern condi- 
tions ((COa)2-0M8O-Et 3 Nl in 85-99% yield. Further oxidation to the desired carboxylic 
acids (1053, 1054, 1057 and 1058) was achieved by reaction with NaCI0 2 (95-98% yield). 

The carboxylic adds were then selectively desilylated at C-1 5 by the action of TBAF produ- 
cing hydroxyacids 1055, 1056, 1 059 and 1060 in 77-92% yield. Ring closure of 1055, 1056. 
1 059 and 1060 was accomplished by the Yamaguchi method as exactly described for epo- 
thilones A and B, furnishing macrocyclic lactones 1081 , 1082, 1066 and 1066 in yields ran- 
ging from 70-82% (see Figure 70). The silyi ethers were removed from 1081, 1062. 1085 
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and 1066 by exposure to HF*pyr. in THF, leading to [14]-, [15]-, [17)- and [18]-desoxyepo- 
thilones 1063, 1064, 1067 and 1068 (71-91% yield). 

Epoxidation of [l4]-desoxyepothilone A (1063) with methyl(trifluoromethyl)dioxirane gave 
[l4]-epothiione A (1002) essentially as a single product (52% yield), whereas epoxidation of 
the [1 5]-desoxyepothilone A (1 064) under the same conditions led to a mixture of (1 5]-epo- 
thilone A (1003 or 1069) and its diastereomeric epoxide 1069 (or 1003) (70% yield, ca. 1:1 
ratio). The [1 7]-membered ring 1067 furnished a 6:1 ratio of diastereomeric epoxides (97% 
combined yield) and the [18]-membered ring led to a ca. 2:1 ratio of products (79% total 
yield). In all cases, the isomeric epoxides were chromatographically separated but their 
stereochemical identities remain presently unassigned. 

Preliminary biological investigations with these compounds revealed significant tubulin poly- 
merization activity for [1 8]-desoxyepothilone A (1 068) (40% as compared to 72% for epothi- 
ione A and 53% for Taxol), but relatively weak activity for the two epimeric [18]-epothilones 
A (1005 and 1071) and for all 114]-, [15]- and [l7]-epothitones A (1083, 1064, 1067, 1002- 
1 004, 1 069 and 1 070) in the fittration-colorimetric tubulin assay. These results provide fur- 
ther support for the limited tolerance of the epothitone pharmacophore and its highly speci- 
fic binding to the tubulin receptor. Further biological studies with 1068 and related com- 
pounds are made in analogy. 

Example 10. Biological Evaluation of Synth esized Compounds as tabulated in 
Figure 23. 28. and 64^6. 

We have carried out microtubule assays following literature procedures and evaluated syn- 
thesized compounds for their ability to form and stabilize microtubules. Cytotoxtety studies 
have also been carried out in our laboratories and preliminary data is disclosed vtoa infra. 

The synthesized epothitonea were tested for their action on tubulin assembly using purified 
tubulin with an assay developed to amplify differences between compounds more active 
than Taxol. As demonstrated In Figure 22, both epothitone B (2) (ECsq • 4.0 ±1 mM) and its 
progenitor 71 (EC50 ■ 3.3 ±0-2mM) were significantly more active than Taxol (EC50 » 15.0 
±2mM) and epothilone A (1) (EC50 « 14.0 ±0.4mM), whereas compounds 128. 188 and 123 
were less effective than Taxol (Un et ai. Cancer Chemother. Pharmacol. 38, 136-140 
(1 996); Rogan et ai. Science 244, 994-996 (1 984)). 

As shown in Figure 23, cytotoxicity experiments with 1A9. 1 A9PTX10 (B-tubulin mutant), 
1 A9PTX22 (B-tubulin mutant) and A2780AD ceil lines revealed a number of interesting re- 
sults (Figure 23). Thus, despite its high potency in the tubulin assembly assay, compound 
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71 did not display the potent cytotoxicity of 2 against 1 AS ceils, being similar to 1 and Taxol. 
These data suggest that while the C12-C13 epoxide is not required for the epothilone-tu- 
bulin interaction, it may play an important role in localizing the agent to its target within the 
cell. Like the naturally occurring epothilones 1 and 2, analogue 71 showed significant acti- 
vity against the MDR line A2780AO and the altered B-tubulin-expressing cell lines 
1A9PTX10 and 1A9PTX22, suggesting, perhaps, different contact points for the epothilo- 
nes and Taxol with tubulin (i.e. stronger binding of epothilones around residue 364 than 
around 270 relative to taxoids). 

See example 6 (above) for further discussion about analogs which possess strong tubulin 
binding properties and that which posess potent cytotoxic action against tumor cell lines. 

Colorimetric Cytotoxicity Assay for Anticanc er-Druo Screening 

The colorimetric cytotoxicity assay used was adapted from Skehan et al (Journal of National 
Cancer Inst 82:1107-1112, 1 9901 ). The procedure provides a rapid, sensitive, and inexpen- 
sive method for measuring the cellular protein content of adherent and suspension cultures 
in 96- well microliter plates. The method is suitable for ordinary laboratory purposes and for 
very large-scale applications, such as the National Cancer Institute's disease-oriented in 
vitro anticancer-drug discovery screen, which requires the use of several million culture 
wells per year. 

In particular, cultures fixed with trichloroacetic add were stained for 30 minutes with 0.4% 
(wt/vol) suWorhodamine B (SRB) dissolved in 1% acetic acid. Unbound dye was removed by 
four washes with 1% acetic add, and protein- bound dye was extracted with 10 mM unbuf- 
fered Tris base [trie (hydroxyrnethyl)aminomethane] for determination of optical density in a 
computer-interfaced, 9e>weii microliter plate reader. The SRB assay results were linear with 
the number of edit and with values for cellular protein measured by both the Lowry and 
Bradford assays at densities ranging from sparse subconfluence to multilayer eC supracon- 
fluence. The signai-to-noise ratio at 564 nm was approximately 1.5 with 1 .000 cells per wdl. 
The sensitivity of the SRB assay compared favorably with sensitivities of several fluores- 
cence assays and was superior to those of both the Lowry and Bradford assays and to 
those of 20 other visible dyes. 

The SRB assay provides a calorimetric end point that is nondestructive, indefinitely stable, 
and visible to the naked eye. It provides a sensitive measure of drug-induced cytotoxicity, is 
useful in quantitating donogedcity, and is well suited to high-volume, automated drug 
screening. SRB fluoresces strongly with laser excitation at 488 nm and can be measured 
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quantitatively at the single-ceil level by static fluorescence cytometry (Skehan et al (Journal 
of National Cancer Inst 82:1 107-1 112,1 9901 )). 

Filtration Colorimetric Assay 

Microtubule protein (0.25 ml of 1 mg/ml) was placed into an assay tube and 2.5 pi of the 
test compound were added. The sample was mixed and incubated at 37°C for 30 minutes. 
Sample (1 50 pi) was transferred to a weH in a 96-well Miliipore Multiscreen Durapore hy- 
drophilic 0.22 urn pore size filtration plate which had previously been washed with 200 pi of 
MEM buffer under vacuum. The well was then washed with 200 I of MEM buffer. 

To stain the trapped protein on the plate, 50 pi amido black solution [0.1% naphthol blue 
black (Sigma)/45% methanol/ 10% acetic acid] were added to the filter for 2 minutes; then 
the vacuum was reapplied. Two additions of 200 pi amido black destain solution (90% 
methanol/2% acetic acid) were added to remove unbound dye. The signal was quantitated 
bv the method of Schaffner and Weissmann et al. Anal. Biochem., 5ft 502-514, 1 973 as 
follows: 

200 pi of elution solution (25 mM NaOH-0.05 mm EOTA-50% ethanol) were added to the 
well and the solution was mixed with a pipet after 5 minutes. Following a 10-minutes incu- 
bation at room temperature, 1 50 pi of the elution solution were transferred to the well of a 
96-well plate and the absorbance was measured on a Molecular Devices Microplate 
Reader. 

Synthetic Protocals 

All reactions were carried out under an argon atmosphere with dry, freshly distilled solvents 
under anhydrous conditions, unless otherwise noted. Tetrahydrofuran (THF), toluene and 
ethyl ether (ether) were distilled from sodium-benzophenone, and methylene chloride from 
calcium hydride. Anhydrous solvents were also obtained by passing them through commer- 
cially available alumina column. Yields refer to chrornatographicaUy and spectroscopicaJly 
(1 H NMR) homogeneous materials, unless otherwise stated. Reagents were purchased at 
highest commercial quality and used without further purification unless otherwise stated. 
Reactions ware monitored by thin layer chromatography carried out on 0.25 mm E. Merck 
silica gel plates (60F-254) using UV light as visualizing agent and 7% ethanolic phospho- 
molybdic acid or p-anisaldehyde solution and heat as developing agents. E. Merck silica gel 
(60, particle size 0.040-0.063 mm) was used for flash column chromatography. Preparative 
thin-layer chromatography (PTLC) separations were carried out on 0.25, 0.50 or 1 mm E 
Merck silica gel plates (60F-254). NMR spectra were recorded on Broker AMX-600 or AMX- 
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500 instruments and calibrated using residual undeuterated solvent as an internal referen- 
ce. The following abbreviations were used to explain the multiplicities: s = singlet d = 
doublet, t = triplet, q a quartet m.« muitjplet, b = broad. IR spectra were recorded on a 
Perkin-Elmer 1600 series FT-IR spectrometer. Optical rotations were recorded on a Perkin- 
Elmer 241 polarimeter. High resolution mass spectra (HRMS) were recorded on a VQ 2AB- 
ZSE mass spectrometer under fast atom bombardment (FAB) conditions with NBA as the 
matrix. Melting points (mp) are uncorrected and were recorded on a Thomas Hoover 
Unimeit capillary melting point apparatus. 

Synthesis of Aldehyde 7 as Illustrated In Figure 3A. A solution of sodium bis(trimethyl- 
silyl)amide (NaHMDS, 238 mL, 1 M in THF, 1 .05 equiv) was added over 30 min at -78 °C to 
a solution of AAacvisultam 13 (synthesized according to Oppoizer et al. Tetrahedron Lett 
1989, 30. 5603-1989; Oppoizer, W. Pure 4 Appl. Chem. 1990. 62. 1241-1250) (61.0 g, 
0.225 mol) in THF (1.1 L, 0.2 M). After stirring the resulting sodium enolate solution at -78 
"C for 1 hour, freshly distilled 5-iodo-1-pentene (58 mL, 0.45 mol, 2.0 equiv) in haxamethyl- 
phosphoramide (HMPA, 1 17 mL, 0.675 mol, 3.0 equiv) was added. The reaction mixture 
was allowed to slowly warm to 25 *C. quenched with water (1.5L) and extracted with ether 
(3 x 500 mL). Drying (MgS04) and evaporation of the solvents gave crude sultam 14 (76.3 
g). which was used without further purification. A pure sample of 14 was obtained by pre- 
parative thin layer chromatography (250 mm silica gel plate. 10% EtOAc in hexanes). Step 
2. (Reductive Cleavage of Sultam 1 4). A solution of crude sultam 1 4 (76.0 g, 0.224 mol) in 
ether (200 mL) was added to a stirred suspension of lithium aluminum hydride (LAH. 9.84 g, 
0.246 mol. 1 .1 equiv) in diethyiether (ether) (900 mL) at -78 °C. The reaction mixture was 
stirred at -78 *C for 15 min. quenched by addition of water (9.8 mL) and warmed to 0 °C. 
Sequential addition of 1 5% aqueous sodium hydroxide solution (9.8 mL) and water (29.4 
mL) was fotowed by warming the reaction mixture to 25 'C. After stirring for 5 h. the alu- 
minum salts were removed by filtration through ceirte, the filtrate was dried (MgS04) and 
the solvent was removed by distillation under atmospheric pressure. Vacuum distillation 
(bp. 85 *C / 8 mm Hg) furnished pure alcohol 15 ass colorless oil (17.1 g, 60% from sul- 
tam). Step 3: To a solution of alcohol 1 5 (0.768 g, 6.0 mmol) in methylene chloride (30 mL 
0.2 M) were added powdered 4 A molecular sieves (1 .54 g), 4-methytmorpholine N-oxide 
(NMO, 1.06 g. 9.0 mmol, 1.5 equiv) and tetrapropylammonium perruthenate (TPAP, 0.105 
g, 0.3 mmol, 0.05 equiv) at room temperature. After stirring for 30 min, the disappearance 
of starting material was indicated by TLC. Cellte was added (1 .54 g) and the suspension 
wee filtered through silica gel and eluted with methylene chloride. The solvent was carefully 
distilled off under atmospheric pressure to yield aldehyde 7 (0.721 g, 95%) as colorless oil. 
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Synthesis of Alcohol 18a as Illustrated in Figure 3B. (Silylation of alcohol 16a). Alcohol 
16a (5.0 g, 0.068 mol; glycidol; Aldrich/Sigma) was dissolved in DMF (70 mL 1.0 M), the 
solution was cooled to 0 °C and imidazole (9.2 g, 0.135 mol, 2.0 equiv) was added. After 
stirring for 10 min, tert-butylchlorodiphenylsilane (TPSCI, 24 mL 0.088 mol, 1.3 equiv) was 
added and the reaction mixture was allowed to stir for 30 min at 0 °C and for 1 h at 25 °C. 
Ether (70 mL) was added, followed by saturated aqueous NaHC03 solution (70 mL). The 
organic phase was separated and the aqueous layer was extracted with ether (50 mL), 
washed with water (2 x 120 mL) and with saturated aqueous Nad solution (120 mL). The 
organic extract was dried (MgS04), filtered through celite, and the solvents were removed 
under reduced pressure. Rash column chromatography (silica gel, 5% EtOAc in hexanes) 
provided silyl ether 17a (18.9 g, 90%). Step 2. Silylation of alcohol 16b. Following the pro- 
cedure described for the synthesis of silyl ether 1 7a. alcohol 1 6b (5.0 g, 0.068 mol; 
Aldrich/Sigma) in DMF (70 mL, 1 .0 M) was treated with imidazole (9.2 g. 0.135 mol, 2.0 
equiv) and tert-butylchlorodiphenylsllane (24 mL. 0.088 mol, 1 .3 equiv) to yield silyl ether 
17b (19.8 g, 94%). Rf - 0.28 (5% EtOAc in hexanes). Step 3. Opening of Epoxide 17a 
with Vinylcuprate. To a solution of tetravinyttin (3.02 mL 16.6 mmol. 1.25 equiv) in THF (44 
mL) was added n-butylllthium (41 .5 mL 1 .6 M in hexanes, 5.0 equiv) at -78 *C and the re- 
action mixture was stirred for 45 min. The resulting solution of vinyilKhium was transferred 
via cannula to a solution of azeotropically dried (2 x 5 mL toluene) copper(l) cyanide (2.97 
g, 33.2 mmol, 2.5 equiv) in THF (44 mL) at -78 *C, and the mixture was allowed to warm to 
-30 °C. Epoxide 17a (4.14 g, 13.3 mmol) in THF (44 mL) was transferred via cannula to 
this vinyl cuprate solution, and the mixture was stirred at -30 *C for 1 h. The reaction mix- 
ture was quenched with saturated aqueous NH 4 D solution (1 50 mL). filtered through celite. 
extracted with ether (2 x 100 mL) and dried (MgS04). After removal of the solvents under 
reduced pressure, flash column chromatography (silica gel, 3% EtOAc in hexanes) furni- 
shed alcohol 18a 

Synthesis of Alcohol 18b ae Illustrated In Figure 3B. Opening of Epoxide 17b with 
Vinylcuprate. Following the procedure described for the synthesis of alcohol 18a, epoxide 
1 7b (1 .97 g, 6.3 mmol, starting from commerically available 1 6b in lieu of 16a) yielded 

alcohol 18b (1.78 g. 83%). 

Synthesis of Keto Acid 21 as Illustrated In Figure 3C. Homer-Wadsworth-Emrnons Reac- 
tion of Aldehyde 1 2 with Phosphonate 1 9. A solution of phosphorate 1 9 (23.6 g, 94 mmol, 
1 .2 equiv; Aldrich) in THF (1 00 mL) was transferred via cannula to a tuspsnsion of sodium 
hydride (60 % dispersion in mineral oil, 5.0 g, 125 mmol, 1 .6 equiv) in THF (200 mL) at 25 
•C. After stirring tor 1 5 min, the reaction mixture was cooled to 0 'C. and a solution of aide- 
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hyde 12 (10.0 g, 78 mmol; synthesized according to Inuka, T.. and Yoshizawa, R. J. Org. 
Chem. 1967, 32, 404-407) in THF (20 mL) was added via cannula and the ice-bath was 
removed. After 1 h at 25 °C, TLC indicated the disappearance of aldehyde 12. The mixture 
was then separated between- water (320 mL) and hexanes (100 mL). The aqueous layer 
was extracted with hexanes (100 mL) and the combined organic layers were successively 
washed with water (200 mL) and saturated aqueous NaCI solution (200 mL). Drying 
(MgS04), concentration under reduced pressure and purification by flash column chromato- 
graphy (silica gel, 10 % EtOAc in hexanes) yielded keto ester 20 (17.4 g, 99%) as a yellow 
oil. Step 2. Hydrolysis of Keto Ester 20. Keto ester 20 (17.4 g, 77 mmol) in methylene 
chloride (39 mL, 2 M) was treated with trifluoroacetic add (TFA, 39 mL, 2 M) at 25 °C. 
Within 30 minutes TLC indicated disappearance of the ester. The mixture was concentrated 
under reduced pressure, dissolved in saturated aqueous NaHCO, solution (20 mL) and 
washed with ether (2 x 20 mL). The aqueous phase was then acidified to pH - 2 with 4 N 
HCI, saturated with NaCI, and extracted with EtOAc (6 x 20 mL). The organic layer was 
dried (MgSO«) and concentrated under reduced pressure to give pure keto acid 21 (13.0 g, 
99%) as a dear oil, which solidified on standing. 

Synthesis of Dtenee 23 and 24 as Illustrated In Figure 4. EDC Coupling of Alcohol 1 8a 
with Keto Acid 21 . A solution of keto add 21 (2.43 g, 14.3 mmol, 1 .2 equiv). 4-(dimethylami- 
no)pyridine (4-DMAP, 0.145 g, 1.2 mmol. 0.1 equiv) and alcohol 18a (4.048 g. 11.9 mmol, 
1 .0 equiv) in methylene chloride (40 mL, 0.3 M) was cooled to 0 °C and then treated with 1 - 
ethyl-(3-dimethy1aiTuiiopropy1)^ hydrochloride (EDC, 2.74 g, 14.3 mrnd. 1 .2 

equiv). The reaction mixture was stirred at 0 a C fbr 2 h and then at 25 °C tor 1 2 h. The so- 
lution was concentrated to dryness in vacuo, and the residue was taken up in EtOAc (1 0 
mL) and water (1 0 ml). The organic layer was separated, washed with saturated NH 4 CI 
solution (1 0 mL) and water (1 0 mL) and dried (MgS04). Evaporation of the solvents follo- 
wed by flash column chromatography (silica gel. 4% EtOAc in hexanes) resulted in pure 
keto ester 22a (5.037 g, 86%). Step B. Aldoi Condensation of Ester 22a with Aldehyde 7. 
A solution of keto ester 22a (1.79 g. 3.63 mmol. 1.0 equiv) In THF (15 mL) was added via 
cannula to a freshly prepared solution of lithium diisopropyiamide [IDA; formed by addition 
of n-BuLi (2.83 mL, 1.6 M solution in hexanes, 4.58 mmol, 1 .25 equiv) to a solution of dUso- 
propyiamine (0.61 mL 4.36 mmol. 1 .2 equiv) in THF (30 mL) at -10 *C and stirring for 30 
min] at -78 *C. After 15 min the reaction mixture was allowed to warm to -40 *C and was 
stirred for 45 min. The reaction mixture was cooled to -78 'C and a solution of aldehyde 7 
(0.740 g, 5.8 mmol, 1.6 equiv) in THF (15 mL) was added dropwiss. The resulting mixture 
was stirred tor 15 min. then warmed to -40 oC for 30 min, cooled back to -78 'C and then 
quenched by slow addition of saturated aqueous NH4CI solution (10 mL). The reaction mix- 
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ture was warmed to 25 °C, diluted with EtOAc (10 mL) and the aqueous phase was extrac- 
ted with EtOAc (3x10 mL). The combined organic layers were dried (MgS04), concentra- 
ted under reduced pressure and subjected to flash chromatographic purification (silica gel. 
5 /E 20% EtOAc in hexanes) to afford a mixture of aldol products 23 (926 mg, 42%) and 24 
(724 mg, 33%), along with unreacted starting keto ester 22a (178 mg, 10%). 

Synthesis of Hydroxy Lactone 25 as Illustrated In Figure 4. Olefin Metathesis of Diene 

23. To a solution of diene 23 (0.186 g, 0.3 mmol) in methylene chloride (100 mL, 0.003 M) 
was added (RuCbfaCHPhHPCysfo (= bis(tricyclohexylphosphine)benzylidine ruthenium 
dichloride) 25 mg, 0.03 mot, 0.1 equiv; available from Aldrich) and the reaction mixture was 
allowed to stir at 25 °C for 12 h. After the completion of the reaction was established by 
TLC, the solvent was removed under reduced pressure and the crude product was purified 
by flash chromatography (silica gel, 30% EtOAc in hexanes) to give trans-hydroxy lactone 
25(151 mg,85%). 

Synthesis of Hydroxy Lactone 26 as Illustrated In Figure 4. Olefin Metathesis of Disne 

24. Following the procedure described above for the synthesis of hydroxy lactone 25, a so- 
lution of diene 24 (0.1 97 g, 0.32 mmol) in methylene chloride (100 mL, 0.003 M) was trea- 
ted with RuCI 2 (=CHPh)(PCy3) a (26 mg, 0.032 mol, 0.1 equiv), to produce, after flash chro- 
matography (silica gel, 18 /E 25% EtOAc in hexanes), trans-hydroxy lactone 26 (150 mg, 
79%). 

Synthesis of Did 27 ss illustrated In Figure 4. Desilytation of TPS Ether 25. A solution 
of TPS ether 25 (145 mg. 0.23 mmol) in THF (4.7 mL 0.05 M) was treated with glacial 
acetic acid (70 mL, 1 .15 mmol, 5.0 equiv) and tetrabutylammonium fluoride (TBAF, 490 mL. 
1 M solution in THF, 0.46 mmol, 2.0 equiv) at 25 *C. After stirring for 36 h, no starting mate- 
rial was detected by TLC and the reaction mixture was quenched by addition of saturated 
aqueous NH 4 CI (10 mg. Extractions with ether (3 x 10 mL), drying (MgSO«) and concentra- 
tion was followed by flash chromatographic purification (silica gel, 50% EtOAc in hexanes) 
to provide diol 27 (78 mg, 92%). 

Synthesis of Diet 26 at Illustrated In Figure 4. Deeilytation of TPS Ether 26: In accor- 
dance with the procedure describing the desilytation of TPS ether 25 using a solution of 
TPS ether 26 (31 mg, 0.05 mmol) in THF (1 .0 mL, 0.05 M). 

Synthesis of Eater 22b as illustrated In Figure 5. Compound 22b was synthesized accor- 
ding to the procedure as described above for Ester 22a using 18b instead of 18a. 
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Synthesis of dlenes 29 and 30 as illustratad in Rgurs 5. Compounds 29 and 30 went 
synthesized according to the procedure as described above for 23 and 24 using 22b in- 
stead of 22s. 

Synthesis of Hydroxy Lactone 31 as illustrated in Rgurs 5. Compound 31 was synthesi- 
zed according to the procedure as described via supra for 25 and 26 using 29 instead of 23. 

Synthesis of Hydroxy Lactone 32 as illustrated in Rgurs 5. Compound 31 was synthesi- 
zed according to the procedure as described via supra for 25 and 20 using 30 instead of 24. 

Synthesis of Hydroxy Acids 33 and 34 as illustrated In Rgurs 9. Aldoi Condensation of 
Acid 21 with Aldehyde 7. A solution of keto acid 21 (752 mg, 4.42 mmol, 1.0 equiv) in THF 
(22 mL) was added dropwise at -78 °C to a freshly prepared solution of IDA (formed by ad- 
dition of n-BuU (6.49 mL, 1 .6 M solution in hexanes, 1 0.4 mmol, 2.35 equiv) to a solution of 
diisopropyiamins (1.43 mL, 10.2 mmol, 2.3 equiv) in THF (44 mL) at -10 °C and stirring for 
30 min]. After stirring for 1 5 min the reaction mixture was allowed to warm to -30 *C and stir- 
red at that temperature for 1 .5 h. The reaction mixture was cooled back to -78 "C and a so- 
lution of aldehyde 7 (0.891 g. 7.07 mmol, 1 .6 equiv) in THF (22 mL) was added via cannula. 
The resulting mixture was stirred for 1 5 min at -78 °C, then wanned to -40 oC and stirred 
for 1 h, cooled to -78 *C and quenched by slow addition of saturated aqueous NH«Ct (10 
mL) solution. The reaction mixture was warmed to 0 *C, and acetic add (1 .26 mL, 22.1 
mmoL 5.0 equiv) was added, followed by warming to 25 °C. Extractions with EtOAc (6 x15 
mL), filtration through a short plug of silica gel and concentration afforded, in high yield, a 
mixture of aldoi products 33 and 34 along with unreacted starting acid 21 in a 35:50:1 5 ratio 
(1HNMR). This cruds material was used without further purification. 

Synthesis of Esters 35 and 36 as illustrated in Rgurs 6. EOC Coupling of Alcohol 6 with 
Keto Adds 33 and 34. By analogy to the procedure described above for the synthesis of 
ester 22a, a solution of keto acids 33 and 34 (1 .034 g crude), 4-dimethylaminopyridine (4- 
DMAP, 43 mg, 0.35 mmol). and alcohol 6 (1 .1 g, 5.24 mmol; synthesized as compound 91 
(see above); eg. aJcohoi 6 aa shown in figure 6 is the same compound as compound 91 as 
shown in figure 12) In methylene chloride (4 mL) was treated with l-ethyt-(3-dimethylamino- 
propy1)-3<arbodlimlds hydrochlorids (EOC, 1 .00 g, 5.24 mmol) to provide, after column 
chromatography (silica gel. 20% EtOAc in hexanes), ester 35 (0.567 g, 29% from keto acid 
21) and ester 36 (0.863 g, 44% from keto acid 21). 

Synthesis of Hydroxy Lactone 37 as Illustrated In Rgurs 6. Olefin Metathesis of Diene 
35. A solution of diene 35 (58 mg, 0.1 2 mmol) in methylene chloride (1 29 mL, 0.001 M)waa 
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treated with bis(tricydohexylphosphine)benzytidine ruthenium dichioride 
((RuCt 3 (sCHPh)(PCy3)a. 10 mg, 0.0012 mmoi, 0.1 equiv, Aldrich), in accordance with the 
procedure described for the synthesis of hydroxy lactone 25, to furnish, after column 
chromatography (silica gel, 15% EtOAc in hexanes) hydroxy lactone 37 (48 mg, 86%). 

Synthesis of Hydroxy Lactone 38 at illustrated In Figure 6. Compound 38 was synthe- 
sized according to the procedure as described via supra for 35 using 38 instead of 38. 

Synthesis of Epothi lanes 39, 40 and 41 as illustrated in Figure 6. Epoxidation of trans- 
Hydroxy Lactone 37. Procedure A: A solution of trans-hydroxy lactone 37 (20 mg, 0.06 
mmol) in CHCI 3 (1 mL, 0.06 M) was treated with meta-chtoroperbenzoic acid (mCPBA, 57- 
86 %, 1 5 mg, 0.05-0.07 mol, 0.9-1 .2 equiv) at -20 °C, and the reaction mixture was allowed 
to warm up to 0 °C. After 1 2 h, disappearance of starting material was detected by TLC, 
and the reaction mixture was then washed with saturated aqueous NaHCOj solution (2 mL) 
and the aqueous phase was extracted with EtOAc (3x2 mL). The combined organic layer 
was dried (MgS04), filtered and concentrated. Purification by preparative thin layer chroma- 
tography (250 mm silica ge) plate, 30% EtOAc in hexanes) furnished epothilones 39 (or 40) 
(12 mg, 40%), 40 (or 39) (7.5 mg, 25%) and 41 (5.4 mg, 18%). Procedure B: To a solution 
of trans-hydroxy lactone 37 (32 mg, 0.07 mmol) in acetonitrile (1 .0 mL) was added a 0.0004 
M aqueous solution of disodium salt of ethytenediaminetetraacetic acid (NaaEOTA, 0.5 mL) 
and the reaction mixture was cooled to 0 °C. Excess of 1 ,1 ,1-trifluoroacetone (0.2 mg was 
added, followed by a portionwiss addition of Oxone® (200 mg, 0.35 mmol, 5.0 equiv) and 
NaHCOs (50 mg, 0.56 mmol, 8.0 equiv) with stirring, until the disappearance of starting ma- 
terial was detected by TLC. The reaction mixture was then treated with excess dimethyl 
sulfide (150 mL) and water (1.0 mg and then extracted with EtOAc (4x2 mg. The com- 
bined organic layer was dried (MgSO^. filtered, and concentrated. Purification by prepara- 
tive thin layer chromatography (250 mm silica get plate. 70% EtOAc in hexanes) provided a 
mixture of diastereomeric epoxides, epoxide 39 (or 40) (1 5 mg, 45%) and a-isomenc 
epoxide 40 (or 39) (9.2 mg, 28%). 

Synthesis of Epothilones 42, 43 and 44 ss illustrated In Figure 6. Compounds 42, 43, 
and 44 were synthesized according to the procedure as described above for 39, 40 and 41 
using 38 instead of 37. 

Synthesis of Hydroxy Keto Adds 48 end 48 as Illustrated in Figure 7. Compounds 48, 
and 46 were synthesized according to the procedure as described above for 33 and 34 
using 8 instead of 21. 
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Synthesis of Hydroxy Estsrs 4 and 47 as llluatratad in Figure 7. Compounds 4 and 47 
were synthesized according to the procedure as described above for 35 and 36 using 45 
and 45 instead of 33 and 34. 

Synthesis of Hydroxy Lactones 3 and 45 as illustrated In Figure 5. Cyciization of Oiene 
42 via Olefin Metathesis was performed using conditions as described for the conversion of 
23 to 25 above substituting 4 in lieu of 23 to form 3 and 45. 

Synthesis of cls-d hydroxy Lactones 49 and 80 as Illustrated In Figure 8. Desiiylstion 
of Compound 3 and 45: Compounds 49 and 50 were synthesized according to the proce- 
dure as described above for 28 and 25 using 3 and 45 instead of 25 and 25. 

Synthesis of Epothllones A (1) snd 81*87 as Illustrated in Figure 8. Epoxidation of cis- 
Dihydroxy Lactone 49. Procedure A: A solution of cis-dihydroxy lactone 49 (24 mg, 0.05 
mmoi) in CHCtj, (4.0 mL) was reacted with meta-chloroperbenzoic add (mCPBA, 57-86%. 
13.0 mg, 0.04-0.06 mmoi, 0.6-1 .2.equiv), at -20 to 0 *C, according to ths procedure descri- 
bed for the epoxidation of 37. resulting in the isolation of epothilone A (1) (8.6 mg. 35%). its 
isomeric a-epoxide 51 (2.8 mg, 13%), and compounds 52 (or 53) (1 .6 mg, 9%), 53 (or 52) 
(1 .5 mg, 7%). 54 (or 55) (1 .0 mg, 5%), and 55 (or 54) (1 .0 mg, 5%) (stereochemistry unas- 
signed for 52 and 53 and for 54 and 55). after two consecutive preparative thin layer chro- 
matographic purifications (250 mm silica gel plate. 5% MeOH in methylene chloride and 
70% EtOAc in hexanes). Procedure B: To a solution of cis-dihydroxy lactone 49 (1 5 mg, 
0.03 mmoi) in methylene chloride (1 .0 mL) at 0 *C was added dropwise a solution of di- 
methyidioxirane in acetone (ca 0.1 M, 0.3 mL, ca 1 .0 equiv) until no starting lactone was 
detectable by TLC. The solution was then concentrated in vacuo and the crude product was 
subjected to two consecutive preparative thin layer chromatographic purifications (250 mm 
silica gel plat*, 9% MeOH in methylene chloride and 70% EtOAc in hexanes). to obtain purs 
epothitone A (1) (7.4 mg. 50%), its isomeric a-epoxide 51 (2.3 mg, 1 5%), and epothilones 
52 (or 53) (0.8 mg, 5%) and 53 (or 52) (0.8 mg, 5%) (stereochemistry unassigned for 52 
and 53. Procedure C: As described in procedure B for the epoxidation of trans-hydroxy 
lactone 37, cis-dihydroxy lactone 49 (10.0 mg, 0.02 mmoi) in MeCN (200 mL) was treated 
with a 0.0004 M aqueous solution of disodium salt of ethylenediaminetetraacetic acid 
(Na 2 EDTA 120 mL), excess 1 ,1 ,1-trifluoroacetone (100 mL), Oxone* (61 mg, 0.10 mmoi, 
5.0 equiv) and NaHCO* (14 mg, 0.16 mmoi. 8.0 equiv), to yield, after purification by pre- 
parative thin layer chromatography (250 mm silica gel plate, ether), a mixture of diastsreo- 
meric epoxides, epothilones A (1) (6.4 mg, 62%) and a-isomeric epoxide 51 (1 .3 mg, 13%). 
Procedure O: A solution of cis-dihydroxy lactone 49 (1 8 mg, 0.037 mmoi) in CHCtj (1 .0 mg 
waa treated with meta-chloroperbenzoic acid (mCPBA. 57-66 %, 15 mg. 0.049-0.074 mmoi, 
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1 .3-2.0 equiv), according to the procedure described for the epoxidation of 37, furnishing 
compounds 1 (2.7 mg, 15%), 51 (1.8 mg. 10%), 52 (or 53) (1.8 mg, 10%), 53 (or 52) (1.4 
mg, 8%). 54 (or 55) (1.4 mg, 8%), 55 (or 54) (1.28 mg, 7%), 56 (0.9 mg, 5%), and 57 (0.9 
mg, 5%) (stereochemistry unassigned for 52-57), after two consecutive preparative thin 
layer chromatographic purifications (250 mm silica gel plate, 5% MeOH in methylene chlo- 
ride and 70% EtOAc in hexanes). Epothilone A (1). 

Synthesis of Compounds 54, 55, and 57 at illustrated In Figure 8. Oxidation of Epothi- 
lone A (1) with mCPBA. A solution of epothilone A (1) (3.0 mg, 0.006 mmol) in CHCfe (120 
mL, 0.05 M) was reacted with meta-chloroperbenzoic acid (mCPBA, 57-86%, 1 .1 mg, 
0.0023-0.0032 mmol, 0.8-1 .1 equiv; Aldrich), at -20 to 0 °C, according to the procedure de- 
scribed for the epoxidation of 37, resulting in the formation of bis(epoxides) 54 (or 55) (1 .1 
mg, 35%) and 55 (or 54) (1 .0 mg, 32%) along with sulfoxide 57 (0.2 mg, 6%). 

Synthesis of Epothilonea 58-60 ae Illustrated In Figure 9. Synthesis was the same as for 

1 with the following substitutions: (a) 0.9-1.3 equivalents of mCPBA, CHCI3, -20 «* 0 # C, 12 
hours, 58 (or 59) (5%), 59 (or 58) (5%), 60 (60%); (b) 1.0 equivalent of dimethyldioxirane, 
methylene chloride/acetone, 0°C, 58 (or 69) (10%), 59 (or 58) (10%), 60 (40%); (c) excess 
of CF3COCH3. 8.0 equivalents of NaHC03 , 5.0 equivalents of Oxone*. MeCN/Na 2 EDTA 
(2:1 ). 0°C, 58 (or 59) (45%), 69 (or 68) (35%). 

Synthesis of Dlhydroxy Ester 61 as Illustrated In Figure 10. Synthesis was the same as 
for 49 and SO with the following substitutions: use 47 in lieu of 3 and 48. 

Synthesis of Dlhydroxy Lactones 62 and 63 as Illustrated In Figure 10. Olefin Meta- 
thesis of Dihydroxy Ester 61 . Same metathesis procedure as used in Figure 8 converting 4 
to 3 and 48, using instead 61 to form 82 and 63. 

Synthesis of EpotMlones 6449 as illustrated In Figure 10. Compounds 64-69 were syn- 
thesized according to the procedure as described above for 1 (Figure 8) using 62 or 63 
instead of 1. 

Synthesis of Alcohol 65 ss Illustrated In Figure 12. AJIylboration of Keto Aldehyde 84. 
Aldehyde 84 (16.0 g. 0.125 mol; Inuka. T.;Yoshteawa, R. J. Org. Chem. 1967, 32, 404- 
407) was dissolved in ether (400 mL) and cooled to -100 *C. To this solution was added 
(+)^iisopihocampheyiailylborane (800 mL, 0.15 M in pentane. 0.125 mol, i.0 equiv) by 
cannulation during 45 min. ((+)-DiisopinocamoheylaJlylborane in pentane is prepared by the 
adaptation of the standard methods reported by Brown].After the addition was complete, 
the mixture was stirred at the same temperature for 30 min. Methanol (20 mL) was added 
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at -100 °C. and the reaction mixture was allowed to reach room temperature. To this solu- 
tion was added saturated aqueous NaHCOj solution (200 mL), followed by HjOj (80 mL of 
50% solution in HaO), and the reaction mixture was allowed to stir at room temperature for 
1 2 h. The reaction mixture was extracted. 

Synthesis of Ketone 86 ae Illustrated In Figure 12. Silylation of Alcohol 85. Compound 88 
was synthesized according to the procedure as described via supra for 17a using TBSOTf 
and 84 instead of 17a and TPSCI. 

Syntheels of Keto Aldehyde 87 as Illustrated In Figure 12. Ozonolysis of Ketone 86. 
Alkene 86 (2.84 g, 10 mmol) was dissolved in methylene chloride (25 mL) and the soiution 
was cooled to -78 °C. Oxygen was bubbled through for 2 min after which time ozone was 
passed through until the reaction mixture adopted a blue color (ca 30 min). The solution 
was then purged with oxygen for 2 min at -78 *C (disappearance of blue color) and PhjP 
(3.16 g, 12.0 mmol, 1 .2 equiv) was added. The cooling bath was removed and the reaction 
mixture was allowed to reach room temperature and stirred for an additional 1 h. The sol- 
vent was removed, under reduced pressure and the mixture was purified by flash column 
chromatography (silica gel, 25% ether in hexanes) to provide pure keto aldehyde 87 (2.57 
g, 90%). 

Synthesis of Keto Acid 76 ae Illustrated In Figure 12. Oxidation of Keto Aldehyde 87. 
Aldehyde 87 (2.86 g, 10 mmol), tBuOH (50 mL). isobutylene (20 mL, 2 M solution in THF, 
40 mmol, 4.0 equiv), HjO (10 mL). NaCIO, (2.71 g. 30.0 mmol, 3.0 equiv) and NaH a PO« 
(1 .80 g, 1 5.0 mmol, 1 .5 equiv) were combined and stirred at room temperature for 4 h. The 
reaction mixture was concentrated under reduced pressure and the residue was subjected 
to flash column chromatography (silica gel, 50% ether in hexanes) to produce pure keto 
acid 76 (2.81 g, 99%). Rf • 0.12 (silica gel. 20% ether in hexanes). 

Syntheels of Aldehyde 89 ae Illustrated In Figure 12. Reduction of Ester 88. Ethyl ester 
88 (52.5 g, 0.306 moi; AMrfch) was dissolved in methylene chloride (1 g and cooled to -78 
°C. OIBAL (490.0 mL, 1 M solution in methylene chloride, 0.4896 moi, 1.6 equiv) wes ad- 
ded dropwise via a cannula while the temperature of the reaction mixture was maintained at 
•78 °C. After the addition was complete, the reaction mixture was stirred at the same tem- 
perature until its completion waa verified by TLC (ca 1 h). Methanol (100 mL) was added at 
•78 °C and was followed by addition of EtOAc (1 L) and saturated aqueous NH 4 CI solution 
(300 mL). The quenched reaction mixture was allowed to warm up to room temperature 
and stirred for 1 2 h. The organic layer was separated, and the aqueous phase was extrac- 
ted with EtOAc (3 x 200 mL). The combined organic phase was dried over MgSO* filtered, 
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and concentrated under reduced pressure. Flash column chromatography (silica gel, 10 to 
90% ether in hexanes) furnished the desired aldehyde 89 (33.6 g, 90%): Rf * 0.68 (silica 
gel. ether). 

Synthesis of Aldehyde 90 as Illustrated In Figure 12. Aromatic aldehyde 89 (31.1 g, 
0.245 mol) was dissolved in benzene (500 mL) and 2-(triphenylphosphoranilidene)-propion- 
aldehyde (90.0 g, 0.282 mol, 1 .15 equiv) was added. The reaction mixture was heated at 
reflux until the reaction was complete as judged by TLC (ca 2 h). Evaporation of the solvent 
under reduced pressure, followed by flash column chromatography (10 to 90% ether in 
hexanes) produced the desired aldehyde 90 (40.08 g, 98%). 

Synthesis of Alcohol 91 as illustrated In Figure 12. AJIylboration of Aldehyde 90. Aldehy- 
de 90(20.0 g, 0.120 mol) was dissolved in anhydrous ether(400 mL) and the solution was 
cooled to -100 °C. (+)-Diisopinocampheylallyl borane (1.5 equiv in pentane, prepared from 
60.0 g of (-)-lpc2BOMe and 1.0 equiv of altyl magnesium bromide according to the method 
described for the synthesis of alcohol 85), was added dropwise under vigorous stirring, and 
ths reaction mixture was allowed to stir for 1 h at the same temperature. Methanol (40 mL) 
was added at -100 °C, and the reaction mixture was allowed to warm up to room tempera- 
ture. Amino ethanol (72.43 mL, 1.2 mol, 10.0 equiv) was sdded and stirring was continued 
for 15 h. The work-up procedure was completed by the addition of a saturated aqueous 
NH 4 CI solution (200 mL), extraction with EtOAc (4 x 100 mL) and drying of the combined 
organic layers with MgSCv Filtration, followed by evaporation of the solvents under reduced 
pressure and flash column chromatography (silica gel, 35% ether in hexanes for several 
fractions until ail the boron complexes were removed; then 70% ether in hexanes) provided 
alcohol 91 (24.09 g, 98%): Rf - 0.37 (60% ether in hexanes). 

Synthesis of Compound 92 as Illustrated In Figure 12. Silytation of Alcohol 91 . Alcohol 
91 (7.0 g. 0.033 moQ was dissolved in DMF (35 mL, 10 M), the solution was cooled to 0 *C 
and imidazole (3.S g. 0.050 mol, 1 .5 equiv) was added. After stirring for 5 min, tert-butyldi- 
metnylsilyl chloride (6.02 g, 0.040 mol, 1 .2 equiv) was added portionwise and the reaction 
mixture was allowed to stir at 0 *C for 45 min, and then at 25 'C for 2.5 h, after which time 
no starting alcohol was detected by TLC. Methanol (2 mL) was added at 0 °C and the sol- 
vent was removed under reduced pressure. Ether (100 mL) was added, followed by satu- 
rated aqueous NH«CI solution (20 mL), the organic phase was separated and the aqueous 
phase was extracted with ether (2 x 20 mL). The combined organic solution wss dried 
(MgSO«), filtered over ceiite and the solvents were removed under reduced pressure. Rash 
column chromatography (silica gel, 10 to 20% ether in hexanes) provided pure 92 (10.8 g. 
99%) • 
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Synthesis of Aldehyde 82 as Illustrated In Rgurs 12. Dihydroxylation of Olefin 92 and 1 .2 
Glycol Cleavage. Olefin 92 (16.7 g, 51 .6 mmoi) was dissolved in THF/tBuOH (1 : 1 , 500 mg 
and HaO (50 mL). 4-Methylmorpholine N-oxide (NMO) (7.3 g, 61.9 mmol, 1.2 equiv) was ad- 
ded at 0 °C, followed by OsO« (5.2 mL, solution in tBuOH 1 .0 mol%, 2.5% by weight). The 
mixture was vigorously stirred for 2.5 h at 0 °C and then for 12 h at 25 °C. After completion 
of the reaction, Na2S0 3 (5.0 g) was added at 0 °C, followed by H,0 (100 mL). Stirring was 
continued for another 30 min and then ether (1 L) was added, followed by saturated aque- 
ous NaCI solution (2 x 100 mL). The organic phase was separated and the aqueous phase 
was extracted with ether (2 x 100 mL). The combined organic extracts were dried (MgS04), 
filtered, and the solvents were removed under reduced pressure. Rash column chromato- 
graphy (silica gel, ether to EtOAc) provided 1 7.54 g (95%) of the expected 1 ,2-diol as a 1 :1 
mixture of diastereoisomers. 

The diol obtained from 92 as described above (5.2 g, 14.5 mmol) was dissolved in EtOAc 
(1 50 mL) and cooled to 0 *C. Pb(OAc)4 (8.1 g, 95% purity, 1 8.3 mmol, 1 .2 equiv) was then 
added portionwise over 1 0 min, and the mixture was vigorously stirred for 1 5 min at 0 *C. 
After completion of the reaction, the mixture was filtered through silica gel and washed with 
60% ether in hexanes. The solvents were then removed under reduced pressure providing 
pure aldehyde 82 (4.7 g, 98%). 

Synthesis of Alcohol 93 as illustrated In Figure 12. Reduction of Aldehyde 82. A solution 
of aldehyde 82 (440 mg, 1.35 mmol) in MeOH (13 mg waa treated with NaBH 4 (74 mg, 2.0 
mmol, 1 .5 equiv) at 0 *C for 15 min. The solution was diluted with ether (100 mL) and then 
saturated aqueous NH4C1 solution (5 mg was carefully added. The organic phase was 
washed with brine (10 mg. dried (MgS04) and concentrated. Rash column chromatogra- 
phy (silica gel, 60% ether in hexanes) gave alcohol 93 (425 mg, 96%) as a colorless oil. 26: 
Rf * 0.52 (silica get. 60% ether in hexanes). 

Synthesis of Iodide 94 as illustrated In Rgure 12. lodination of Alcohol 93. A solution of 
alcohol 93 (14.0 g, 42.7 mmol) in ether MeCN (3:1 , 250 mL) was cooled to 0 *C. Imidazole 
(8.7 g, 128.1 mmol, 3.0 equiv), Ph,P (16.8 g, 64.1 mmol, 1 .5 equiv), and iodine (16.3 g, 
64.1 mmol, 1 .5 equiv) were sequentially added and the mixture was stirred for 0.5 h at 0 4 C. 
A saturated aqueous solution of Na^SaOs (50 mL) waa added, followed by the addition of 
ether (600 mL). The organic phase was washed with brine (50 mg. dried (MgS04). and the 
solvents were removed under vacuum. Rash column chromatography (silica gel, 15% ether 
in hexanes) gave pure iodide 94 (16.6 g, 89%) as a colorless oi. 
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Synthesis of Phosphonlum Salt 79 as illustrated in Figura 12.. A mixture of iodide 94 
(1 6.5g, 37.7 mmoi) and Ph 3 P (10.9 g, 41 .5 mmoi, 1 .1 equiv) was heated neat at 100 °C for 
2 h. Purification by flash column chromatography (silica gel, methylene chloride; then 7% 
MeOH in methylene chloride) provided phosphonium salt 79 (2S.9 g, 98%) as a white solid: 
Rf = 0.50 (silica gel, 7% MeOH in methylene chloride). 

Synthesis of Hydrazone 95 as illustrated In Figure 13. Aikytation of Hydrazone 80. Hy- 
drazone 80 (20.0 g, 1 1 7.0 mmoi, 1 .0 equiv), dissolved in THF (80 mL), was added to a 
freshly prepared solution of LDA [19.75 mL of diisopropyiamine (141.0 mmoi, 1.2 equiv was 
added to a solution of 88.1 mL of 1.6 M solution of n-BuLi in hexanes (141 mmoi, 1.2 equiv) 
in 160 mL of THF at 0 °C] at 0 °C. After stirring at this temperature for 8 h, the resulting 
yellow solution was cooled to -100 °C, and a solution of 4-iodo-1 -benzyloxybutane (36.0 g, 
1 24.0 mmoi, 1 .2 equiv) in THF (40 mL) was added dropwise over a period of 30 min. The 
mixture was allowed to warm to room temperature over 8 h, and was then poured into 
saturated aqueous NH 4 CI solution (40 mL) and extracted with ether (3 x 200 mL). The 
combined organic extracts were dried (MgS0 4 ), filtered and evaporated. Purification by 
flash column chromatography on silica gel (20% ether in hexanes) provided hydrazone 95 
as a yellow oil (35.8 g, 92%, de > 98% by 1 H NMR). 

Synthesis of Aldehyde 96 es illustrated in Figure 13. Cleavage of Hydrazone 95. Pro- 
cedure A: A solution of hydrazone 95 (13.0 g, 39.1 mmoi) in methylene chloride (50 mL) 
was treated with ozone at -78 *C until the solution turned blue-green. The solution was 
purged with oxygen for 2 min at -78 *C, allowed to warm to room temperature, and then 
concentrated. The crude mixture so obtained was purified by flash column chromatography 
(silica gel. 1 0% ether in hexanes) to give aldehyde 96 (6.6 g, 77%) as a colorless oil. 
Procedure B: A solution of hydrazone 95 (30 g, 90.3 mmoi) in Mel (100 mL) was heated at 
60 °C. After 5 h, the reaction was complete (TLQ, and the mixture was concentrated. The 
resulting crude product was suspended in n-pentane (360 mL) and was treated with 3 N 
aqueous HQ (360 mL). The two-phase system was vigorously stirred for 1 h, and the aque- 
ous phase was extracted with n-pentane (3 x 200 mL). The combined organic solution was 
dried (MgS04), concentrated and purified by flash column chromatography (silica gel, 10% 
ether in hexanes) to give 96 (17.1 g. 86%): Rf - 0.49 (silica gel, 50% ether in hexanes). 

Synthesis of Alcohol 97 as Illustrated In Figure 13. Reduction of Aldehyde 96. A solution 
of aldehyde 96 (17.0 g, 77.0 mrnbl) in MeOH (200 mL) was treated with NaBH 4 (8.6 g, 228 
mmoi, 3.0 equiv) at 0 - C for 1 5 min. The solution was then diluted with ether (400 mL) and 
saturated aqueous NH 4 Ci solution (50 mL) was carefully added. The organic phase was 
washed with brine (50 mL). dried (MgS0 4 ). and concentrated. The crude product was purl- 
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fied b V flaan <» ,umn chromatography (silica gel, 40% ether in hexanes) to give alcohol 97 
(1 6.8 g, 98%) as a colorless oil. 

Synthesis of Sllyl Ether 98 ss illustrated in Figure 13. Silytation of Alcohol 97. Alcohol 
97 (17.0 g, 78.0 mmol) was dissolved in methylene chloride (350 mL). the solution was coo- 
led to 0 °C and EtsN (21 .2 mL, 152.0 mmol, 2.0 equiv) and 4-DMAP (185 mg, 1.52 mmol, 
0.05 equiv) were added. After stirring for 5 min, tert-butyldimethylsiiyl chloride (17.3 g, 1 15 
mmol, 1 .5 equiv) was added portionwise, and the reaction mixture was allowed to stir at 
0 9 C for 2 h, and then at 25 °C for 10 h. Methanol (20 mL) was added at 0 e C and the sol- 
vents were removed under reduced pressure. Ether (200 mL) and saturated aqueous 
NH4CI solution (30 mL) were sequentially added, and the organic phase was separated. 
The aqueous phase was extracted with ether (2 x 100 mL) and the combined organic layer 
was dried (MgSO*), filtered and concentrated under reduced pressure. Purification by flash 
column chromatography (silica gel, 5% ether in hexanes) provided pure silyl ether 98 (24.4 
g.95%). 

Synthesis of Alcohol 99 as illustrstsd in Figure 13. Hydrogenofysis of Benzyl Ether 98. 
To a solution of benzyl ether 98 (21 .0 g, 62.5 mmol) in THF (200 mL) was added 10% 
Pd(OH)a/C (1 .0 g). The reaction was allowed to proceed under an atmosphere of H, at a 
pressure of 50 psi and at 25 °C (Parr hydrogenetor apparatus). After 1 5 min, no starting 
benzyl ether was detected by TLC, and the mixture was filtered through celtte. The clear 
solution was concentrated under reduced pressure and the resulting crude product was 
purified by flash column chromatography (silica gel. 40% ether in hexanes) to give alcohol 
99 (1 4.7 g, 95%) as a colorless oil. 

Synthesis of Aldehyde 77 ae Illustrated in Figure 13. Oxidation of Alcohol 99. To a 
solution of oxaJyl chloride (8.6 mL, 68.0 mmol, 2.0 equiv) in methylene chloride (250 mL) 
was added dropwise 0MSO (9.2 mL, 130 mmol, 4.0 equiv) at -78 *C. After stirring for 15 
min, a solution of alcohol 99 (8.0 g, 32.0 mmol. 1 .0 equiv) in methylene chloride (50 mL) 
was added dropwise at -78 "Cover a 15 min period. The solution was stirred for further 30 
min at '78 *C, and EtaN (27.1 mL, 194 mmol. 6.0 equiv) was added at the same tempera- 
ture. The reaction mixture was allowed to warm to 0 'C over 30 min and then ether (400 
mL) was added, followed by saturated aqueous NH 4 CI solution (100 mL). The organic 
phase was separated, and the aqueous phase was extracted with ether (2 x 300 mL). The 
combined organic solution was dried (MgS0 4 ), filtered and concentrated under reduced 
pressure. Purification by flash column chromatography (silica gel, 20% ether in hexanes) 
provided aldehyde 77 (7.9 g, 98%) ae a colorless oH. 
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Synthesis of Alcohol 100 ss Illustrated In Rgurs 13. To a cold (0 °C) solution of alde- 
hyde 77 (7.8 g, 32.0 mmol) in THF (300 mL) was slowly added MeMgBr (1 .0 M solution in 
THF, 48.0 mL, 48.0 mmol, 1 .5 equiv). The reaction mixture was stirred for 1 5 min at 0 °C 
and then it was diluted with ether (500 mL) and quenched by carefull addition of saturated 
aqueous NH 4 Cl solution (100 mL). The organic phase was washed with brine (100 mL), 
dried (MgS0 4 ), and concentrated. The crude product so obtained was purified by flash co- 
lumn chromatography (silica gel, 30% ether in hexanes) to give alcohol 100 (7.0 g, 84%) as 
a colorless oil. 

Synthesis of Ketone 78 as Illustrated in Figure 13. Oxidation of Alcohol 100. To a solu- 
tion of alcohol 100 (7.0 g, 27.0 mmol) in methylene chloride (250 mL) was added molecular 
sieves (4 A, 6.0 g). 4-methylmorpholine-N-oxlde (NMO) (4.73 g, 40.0 mmol, 1.5 equiv) and 
tetrapropylammonium perruthenate (TPAP) (189 mg, 0.54 mmol, 0.02 equiv) at room tem- 
perature. After stirring for 45 min (depletion of starting material, TLC), the reaction mixture 
was filtered through ceiite, and the solvent was removed under reduced pressure. The cru- 
de product was purified by flash column chromatography (silica gel, 20% ether in hexanes) 
to give ketone 78 (6.6 g, 96%) as a colorless oil. 

Synthesis of Iodide 113 ss Illustrated In Rgurs 15. lodination of Alcohol 99. A solution 
of alcohol 99 (3.8 g, 15.0 mmol) in etherMeCN 3:1 (150 mL) was cooled to 0 °C. Imidazole 
(3.1 g, 45.0 mmol, 3.0 equiv), Ph 3 P (5.9 g, 22.5 mmol, 1.5 equiv) and iodine (5.7 g, 22.5 
mmol, 1 .5 equiv) were sequentially added and the reaction mixture was stirred at 0 °C for 
0.5 h. A saturated aqueous solution of Na2S2^3 (200 mL) was added followed with ether 
(200 mL). The organic phase was washed with brine (200 mL), dried (MgS04), and the sol- 
vents were removed under vacuum. The crude product was purified by flash column chro- 
matography (silica get, 10% ether in hexanes) to give pure iodide 113 (4.9 g, 91%) as a co- 
lorless oil. 

Synthesis of Phosphonium Salt 114 as illustrated In Rgurs 15. A mixture of iodide 1 13 
(4.7 g, 13.1 mmol) and Ph3P (3.8 g, 14.4 mmol, 1.1 equiv) was heated neat at 100 *C for 2 
h. Purification by. flash column chromatography (silica gel, Methylene chloride to 7% MeOH 
in methylene chloride) provided phosphonium salt 1 14 (7.4 g, 91%) as a white solid: Rf * 
0.42 (silica gel, 5% MeOH in Methylene chloride). 

Synthesis of Olefin 101 as illustrated In Rgurs 15. Method A From Phosphonium Salt 
79 and Aldehyde 77. Phosphonium salt 79 (13.60 g, 19.4 mmol, 1 .2 equiv) was dissolved 
in THF (80 mL 0.2 M) and the solution was cooled to 0 *C. Sodium hexamethyldisilyiamide 
(NaHMOS, 19.4 mL. 19.4 mmol. 1 .0 M solution in THF, 1 .2 equiv) was slowly added and the 
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resulting mixture was stirred for 1 5 min before aldehyde 77 (3.96 g, 1 6.2 mmol, 1 .0 equiv, in 
1 0 mL of THF) was added at the same temperature. Stirring was continued for another 1 5 
min at 0 "C and men, the reaction mixture was quenched with saturated aqueous NH«CI so- 
lution (25 mL). Ether (250 mL) was added and the organic phase was separated and 
washed with brine (2 x 40 mL), dried (MgS0 4 ) and concentrated under vacuo. The crude 
product was purified by flash column chromatography (silica gel, 10% ether in hexane) to 
afford olefin 34 (6.70 g, 77%) as a mixture of Z- and E-isomers (ca 9 : 1 by 1 H NMR). 
Method B. From Phoephonium Salt 114 and Aldehyde 82. Phosphonium salt 114 (7.40 g, 
1 1 .96 mmol, 1.2 equiv) was dissolved in THF (120 mL, 0.1 M) and the solution was cooled 
to 0 °C. Sodium hexamethyldiailylamide (NaHMOS, 1 1 .96 mL, 1 1 .96 mmoi, 1 .0 M solution 
in THF, 1 .2 equiv) was slowly added at the same temperature and the resulting mixture was 
stirred for 1 5 min, before aldehyde 82 (3.20 g, 9.83 mmol, 1 .0 equiv, in 20 mL of THF; vida 
supra) was slowly added. Stirring was continued for another 1 5 min at 0 "C and then the 
mixture was quenched with saturated aqueous NH.CI solution (150 mL). Ether (200 mL) 
was added and the organic phase was separated and washed with brine (2 x 150 mL), 
dried (MgS0 4 ) and concentrated under reduced pressure to afford the crude product Rash 
column chromatography (silica gel, 10% ether in hexane) furnished olefin 101 (3.65 g, 69% 
yield) as a mixture of Z- and E-isomers (ca 9:1 by 1 H NMR). 

Synthesis of alcohol 102 as illustrated In Figure 14. Compound 101 (1.77 g, 3.29 mmoi) 
was dissolved in methylene chloride : MeOH (1:1, 66 mL) and the solution was cooled to 0 
°C and CSA (764 mg, 3.29 mmol, 1.0 equiv) was added over a 5 min period. The mixture 
was stirred for 30 min at 0 *C, and then tor 1 h at 25 °C. EtsN (2.0 mL) was added, and the 
solvents were removed under reduced pressure. Rash column chromatography (silica gel, 
50% ether in hexanes) furnished the desired alcohol 35 (1 .2 g, 86%). 

Synthesis of Aldehyde 74 as illustrated In Rgure 14. Oxidation of Alcohol 102. Alcohol 
102 (1 .9 g, 4.5 mmoO was dissolved in methylene chloride (45 mL 0.1 M). 0MSO (13.5 
mL). EfcN (3.0 mL, 22.4 mmol, 5.0 equiv) and SCy pyr (1 .43 g, 8.96 mmol, 2.0 equiv) were 
added at 28 *C and the resulting mixture was stirred tor 30 min. Saturated aqueous NH 4 CI 
solution (100 mL) and ether (200 mL) were added sequentially. The organic phase was 
washed with brine (2 x 30 mL), dried (MgSO*) and the solvents were removed under redu- 
ced pressure. Flash column chromatography (silica gel, 30% ether in hexanes) furnished 
aldehyde 74 (1 .79 g, 94%). 

Synthesis of compounds 106 snd 106 as Illustrated In Rgure 14: Aldoi Reaction of 
Keto Add 76 with Aldehyde 74. A solution of keto add 76 (1.52 g. 5.10 mmol. 1.2 equiv; 
synthesized vida supra) in THF (10 mL) was added dropwise to a freshly prepared solution 
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of IDA [diisopropyiamine (1.78 mL, 12.78 mmol) was added to n-BuU ( 7.95 ml_ 1.6 M 
solution in hexanes, 12.78 mmol) in 20 mL of THF at 0 °C] at -78 9 C. After stirring for 15 
min, the solution was allowed to warm to -40 °C, and after 0.5 h at that temperature it was 
recooled to -78 °C. A solution of aldehyde 74 (1 .79 g, 4.24 mmol, 1 .0 equiv) was added 
dropwise and the resulting mixture was stirred for 15 min, and then quenched at -78 °C by 
slow addition of saturated aqueous NH 4 CI solution (20 mL). The reaction mixture was 
wanned to 0 °C, and AcOH (2.03 mL, 26.84 mmol, 5.3 equiv) was added, followed by 
addition of EtOAc (50 mL). The organic layer was separated and the aqueous phase was 
extracted with EtOAc (3 x 25 mL). The combined organic solution was dried over MgSO« 
and concentrated under vacuum to afford a mixture of aidol products 103a: 103b in a ca 1 :1 
ratio (1 H NMR) and unreacted keto acid 76. The mixture was dissolved in methylene chlo- 
ride ( 50 mL) and treated, at 0 °C, with 2,6-lutidine (3.2 mL, 27.36 mmol) and tert-butyldi- 
methylsilyl trifluoromethanesulfonate (4.2 mL, 18.24 mmol). After stirring for 2 h (complete 
reaction by TLC), aqueous HCI (20 mL, 10% solution) was added and the resulting Diphasic 
mixture was separated. The aqueous phase was extracted with methylene chloride (3 x 20 
mL) and the combined organic solution was washed with brine (50 mL). dried (MgSOJ and 
concentrated under reduced pressure to give a mixture of the tetra-tert-butyidimethyisilyl 
ethers 104a and 104b. The crude product was dissolved in MeOH (50 mL) and KjCOs 
(1 .40 g, 1 0.20 mmol) was added at 25 *C. The reaction mixture was vigorously stirred for 
1 5 min, and then filtered. The residue was washed with MeOH (20 mL) and the solution 
was acidified with ion exchange resin (DOWEX 50WX8-200) to pH 4-5. and filtered again. 
The solvent was removed under reduced pressure and the resulting residue was dissolved 
in EtOAc (50 mL) and washed with saturated aqueous NH«CI solution (50 mL). The aque- 
ous phase was extracted with EtOAc (4 x 25 mL) and the combined organic solution was 
dried (MgS0 4 ). filtered and concentrated to furnish a mixture of carboxyttc acids 105. 106 
and 76. Purification by preparative thin layer chromatography (silica gel. 5% MeOH in 
methylene chloride), gave pure adds 105 (1.1 g. 31% from 7) and 106 (1.0 g, 30% from 7) 
as colorless oils. 

Synthesis of Hydroxy Add 72 as Illustrated in Figure 14. Selective Deeilyiation of tris* 
(SilyO Ether 105. A solution of tris(silyl) ether 105 (300 mg, 0.36 mmol) in THF (7.0 mL) at 
25 »C was treated with TBAF (2.2 mL, 1 M solution in THF, 2.2 mmol, 6.0 equiv). After stir- 
ring for 8 h, the reaction mixture was diluted with EtOAc (10 mg and washed with aqueous 
HCI (10 mL 1 N solution). The aqueous solution was extracted with EtOAc (4 x 10 mq and 
the combined organic phase was washed with brine (10 mL), dried (MgSO*) and concentra- 
ted. The crude mixture was purified by flash column chromatography (silica gel, 5% MeOH 
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riod of 1 .5 h. The solution was stirred for a further 1 h at -78 °C. before EtsN (151 mL, 
1 .085 mol, 8.0 equiv) was added over 40 min. After a further 1 5 min at -78 °C the resulting 
slurry was allowed to warm to 0 °C over 1 h. Ether (700 mL) and saturated aqueous NH 4 CI 
solution (500 mL) were then added and the organic phase separated. The aqueous phase 
was re-extracted with ether (500 mL) and the combined organic solution washed with satu- 
rated aqueous NH 4 CI solution (1 .0 L), dried (NajS0 4 ), filtered and concentrated under re- 
duced pressure. Purification by flash column chromatography (silica gel, 25% ether in 
hexanes) afforded spirocyclopropane ketoaldehyde 274 (1 0.9 g, 64%). 

Synthesis of Sllytether 273 as Illustrated in Figure 41. Allylboration of Spirocyclopropane 
Ketoaldehyde 33 and Silylation. Allyllmagnesium bromide (1 M solution in ether, 80 mL, 
80.0 mmol, 1 .0 equiv) was added dropwise to a well stirred solution of (-)-B-methoxydiiso- 
pinocampheyl borane (27.2 g, 86.0 mmol, 1 .1 equiv) in ether (500 mL) at 0 °C. After the 
completion of the addition, the gray slurry was stirred at room temperature for 1 h and the 
solvent was removed under reduced pressure. Pentane (400 mL) was added to the resi- 
dual solids and the mixture stirred for 10 minutes. The stirring was discontinued to allow 
precipitation of the magnesium salts and the clear supernatant pentane solution was trans- 
ferred via cannula carefully avoiding the transfer of any solid materials. This process was 
repeated four times. The combined pentane fractions were concentrated to a volume of ca. 
500 mL and then added dropwise, without further purification, to a solution of ketoaldehyde 
274 (10.1 g, 79.7 mmol, 1.0 equiv) in ether (250 mL) at -100 °C. After the addition was 
complete, the mixture was stirred at the same temperature for 30 min. Methanol (1 0 mL) 
was added at -100 °C, and the reaction mixture was allowed to warm to -40 °C over 40 min. 
Saturated aqueous NaHCOs solution (125 mL), followed by HjOj (50 wt % solution in HA 
50 mL) were added and the reaction mixture was allowed to stir at room temperature for 
1 2h. The organic phase was separated and the aqueous phase extracted with EtOAc (3 x 
250 mL). The combined organic extracts were washed with saturated aqueous NH»CI solu- 
tion (500 mL), dried (NaaS0 4 ) and the solvents removed in vacuo to yield the crude allytic 
alcohol which was used without further purification. An analytical sample was prepared by 
flash column chromatography (silica gel, 3% acetone in CH^y. 

This crude alcohol was dissolved in CHad* (750 mL, 0.3 M) and the solution was cooled to 
-78 °C. The solution was treated with 2.6-lutidine (40 mL, 0.368 mol, 4.6 equiv), and after 
stirring for 5 min, tert-butyldimethylsilyl triflate (70 mL, 0.305 mmol, 3.8 equiv) was added 
dropwise. The reaction mixture was allowed to stir at -78 °C for 35 min. after which time no 
starting material was detected by TLC. Saturated aqueous NH 4 CI solution (500 mL) was 
added, and the reaction mixture was allowed to warm to room temperature. The organic 
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phase was separated, and the aqueous layer was extracted with ether (3 x 300 mL). The 
combined organic extracts were dried (MgS0 4 ), filtered through celite and the solvents were 
removed in vacuo to yield the crude silyl ether 32 which was used without further purifica- 
tion. An analytical sample was prepared by flash column chromatography (silica gel, 2 to 
17% ether in hexanes). 

Synthesis of Spiroeyelopropane Ketoacid 31 as Illustrated In Figure 41. Oxidation of 
Olefin 273. The crude alkene 273 was dissolved in MeCN (143 mL), CCU (143 mL) and 
H 2 0 (214 mL) and the mixture cooled to 0 °C. Sodium periodate (70 g, 327 mmol, 4.1 
equiv) and ruthenium(lll) chloride hydrate (898 mg, 3.98 mmol, 0.05 equiv) were added and 
the mixture was stirred at 0 °C for 10 min. The dark mixture was allowed to warm to am- 
bient temperature and stirred for 3 h, after which time the disappearance of starting material 
was indicated by TLC. CHaCfe (1 .5 L) and saturated aqueous NaCl solution (1 .5 L) were ad- 
ded and the layers were separated. Extractions of the aqueous phase with CHjO, (3 x 750 
mL), filtration through celite, concentration and flash column chromatography (2 to 80% Et- 
OAc in hexanes) yielded pure spiroeyelopropane ketoacid 31 (10.2 g, 43% for three steps). 

Synthesis of Esters 268 and 269 and Intermediates en route to, ss Illustrated In Figure 

42. Synthesized according to the procedure as described above as shown in Figures 7 
using 272 instead of 8; see conditions in the description of Figures. 

Synthesis of 4,4-Ethano-epothllone A Analogs 267, 282, 283, 284, and intermediates 
en routs to, as Illustrated In Figure 43. Synthesized according to the procedure as de- 
scribed via supra as shown in Figures 8 using 272 instead of 8 as the substrate pertur- 
bation; see conditions in the description of Figures. 

Synthesis of 4,4-Ethano-epothllone A Analogs 289, 290, 291, 292, and Intermediates 
en routs to, ss Illustrated In Figure 44. Synthesized according to the procedure as de- 
scribed via supra as shown in Figures 8 using 272 instead of 8 as the substrate pertur- 
bation; see conditions in the description of Figures. 

Synthesis of Keto Aldehyde 29S as Illustrated In Figure 46. Ozonolysis of Ketone 273. 
Alkene 273 (3.6 g, 12.7 mmol; synthesized exactly to procedures) was dissolved in CHjCI 2 
(50.0 mL, 0.25 M) and the solution was cooled to -78 °C. Oxygen was bubbled through for 
2 min. after which time ozone was passed through until the reaction mixture adopted a blue 
color (ca 30 min). The solution was then purged with oxygen tor 2 min at -78 °C (disappea- 
rance of blue color) and PhjP (6.75 g, 25.4 mmol. 1 .2 equiv) was added. The cooling bath 
was removed and the reaction mixture was allowed to reach room temperature and stirred 
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for an 1 additional hour. The solvent was removed under reduced pressure and the mixture 
was purified by flash column chromatography (silica gel, 30% ether in hexanes) to provide 
pure keto aldehyde 295 (3.26 g, 90%). 295. 

Synthesis of Ketone 294 as illustrated in Figure 46. To a solution of aldehyde 295 (2.9 
g, 1 0.2 mol) in THF (50 ml_ 0.2 M) at -78 oC was added dropwise lithium tri-tert-butoxyalu- 
minohydride (1 1 .2 mL, 1 .0 M solution in THF, 1 1 .2 mmol, 1.1 equiv). After 5 mln, the reac- 
tion mixture was brought up to 0 °C and stirred at that temperature for 1 5 min, before quen- 
ching with saturated aqueous solution of sodium-potasium tartrate (25 mL). The aqueous 
phase was extracted with ether (3 x 75 mL) and the combined organic layer was dried 
(MgSO«), filtered and concentrated. The crude primary alcohol so obtained was dissolved 
in CHjCIa (50 mL, 0.2 M) and cooled to 0 °C. EtsN (68.1 mL, 30.6 mmol, 3.0 equiv), 4-OMAP 
(1 20 mg, 0.18 mmol, 0.02 equiv) and tert-butyldimethytsilyl chloride (3.0 g, 20.4 mmol, 2.0 
equiv) were added. The reaction mixture was allowed to stir at 0 °C for 2 h, then at 25 °C 
for 10 h. MeOH (5 mL) was added and the solvents were removed under reduced pressure. 
Ether (100 mL) was added followed by saturated aqueous NhUCI solution (25 mL) and the 
organic phase was separated. The aqueous phase was extracted with ether (2 x 50 mL) 
and the combined organic solution was dried (MgSO*). filtered and concentrated under 
reduced pressure. Purification by flash column chromatography (silica gel, 5% ether in 
hexanes) provided pure bis(silylether) 294 (1 .26 g, 83% yield from 45).. 

Synthesis of trls(Sllylethers) 297 and 298 as Illustrated in Figure 47. Aldol Reaction of 
Ketone 294 with Aldehyde 75. The aldol reaction of ketone 294 (682 mg, 1 .7 mmol, 1 .4 
equiv) with aldehyde 75 (530 mg, 1 .2 mmol, 1 .0 equiv; vida supra) was carried out exactly 
as described for ketone and aldehyde for epothilone synthesis vida supra, and yielded pure 
297 (270 mg, 24%) and 298 (480 mg. 47%). 297: Colorless oil. 

Synthesis of Epothllones 287, 311-313 and intermediates en route to, as Illustrated In 
Figure 47. Synthesized according to the procedure as described above as shown in Figure 
1 9 using 294 instead of 138; see conditions in description of Figures for Figure 47. 

Synthesis of aldehydes 320, 321 and 329 as Illustrated In Figure 49. The synthesis of 
aldehydes 320, 321 and 329 ars simple aldhehydes synthesized exactly as in conditions 
found for standard epothilone aldehydes 7 (figure 3), and aldehyde 221 (vida supra); all re- 
actions ars carried out using the transformations shown and standard conditions known well 
to one of ordinary skill in the art and therefore no further elaboration will be disclosed here. 
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Syntheeie of compounds 339-346 and Intermediates en route to, as Illustrated In 
Figure 50. Synthesized according to the procedure as described via supra as shown in 
Figure 21 using 330, 331, and 332 instead of 149, 144, and 143; see conditio ns as 
disclosed in description of Figures for Figure 50. 

Synthesis of alcohol 350 as Illustrated In Figure 52. Allytmagnesium bromide (1 .3 equiv) 
was added dropwise over 45 min to a solution of (lpc)2BOMe (1 .3 equiv) in ether (0.2 M) at 

0 °C, and the resulting pale gray slurry allowed to warm to 25 °C over 1 h. The ether was 
removed under reduced pressure and pentane added to the residual solid. The slurry was 
stirred at 25 °C for 1 0 min and then the solids were allowed to settle over 30 min. The clear 
supernatant solution was then carefully transferred to a separate flask via cannula. This 
process was repeated four times, and the resulting solution was then added dropwise over 

1 h to a solution of aldehyde 2 (1 .0 equiv) in ether at -100 °C. After 1 h at -100 °C, me- 
thanol was added and the mixture allowed to warm over 40 min. Saturated aqueous 
NaHC03 and 50% aqueous H2O2 were then added and the mixture left to warm to 25 °C 
overnight. The layers were separated, the aqueous phase re-extracted with EtOAc and the 
combined organic phases washed with saturated aqueous NH4CI. Drying (Na2S04) and 
concentration under reduced pressure gave a residue, which was purified by flash column 
chromatography (silica gel, 20% ether in hexanes) to give the desired alcohol 350 (91%). 

Synthesis of Lactone 352 and 353 and Intermediates sn route to- ss illustrated In 
Figure 52. Synthesized according to the coupling and metathesis procedure as described 
above as shown in Figure 5 using 350 and 348. 

Synthesis of e/s-Olol 354 and 355 as Illustrated In Figure 52. To a solution of ds-silyl 
ether 352 (1 .0 equiv) in THF (8.2 mL) at 25 °C was added HFpyr (10 equiv) and the resul- 
ting solution stirred at the same temperature for 27 h. The mixture was then added care- 
fully to saturated aqueous sodium bicarbonate and EtOAc, and the resulting two-phase 
mixture stirred at 25 "C for 2 h. The layers were then separated and the organic layer 
washed with saturated aqueous sodium bicarbonate and brine. Drying over magnesium 
sulfate and purification by flash chromatography (silica gel. 20 50% EtOAc in hexanes) 
afforded the desired dlol 354 in 84% yield. 

Synthesis of 358 and 357: see above 

Synthesis of 2-<Hydroxy-methyl)^(trl-/vbutyt-stann^ 383 as Illustrated In 

Figure 53. To a solution of 2,5-dibromothiazole (358; 1.0 equiv) in anhydrous ether (0.1 M) 
was added n-BuU (1.1 equiv) at -78 °C. and the resulting solution was stirred at the same 
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temperature for 30 min, before DMF (1 .2 equiv) and hexamethylphosphoramide (HMPA, 1 .1 
equiv) were added at the same time. After being stirred at -78 °C for 30 min, the reaction 
mixture was slowly wanned up to room temperature over a period of 2 h. Hexane (2.0 mL) 
was added and the resulting mixture passed through a short silica cake with 30% ethyl ace- 
tate in hexanes. The solvents were evaporated to give the crude aldehyde 359 (72 % 
yield), which was used in the next step without further purification. 

To the solution of the crude aldehyde 359 in methanol (0.1 M) was added sodium borohy- 
dride (2.0 equiv) at 25 °C, and the resulting mixture was stirred at the same temperature for 
30 min. EtOAc and hexanes were added, and the mixture passed through a short silica ca- 
ke with ethyl acetate. The solvents were then evaporated and the crude product was puri- 
fied by flash chromatography (20 50% ethyl acetate in hexanes) to give 2-hydroxymethyi- 
4-bromothiazole 360 in 88% yield. 

To a solution alcohol 360 (1 .0 equiv) in methylene chloride (0.1 M) at 25 °C was added imi- 
dazole (2.0 equiv), followed by tert-butyldimethylchlorosilane (1 .5 equiv). After 30 min, the 
reaction was quenched with methanol, and the mixture was passed through silica with me- 
thylene chloride. Evaporation of solvents gave the silyl ether 361 in 96% yield. 

To a solution of 361 (1 .0 equiv) in ether (0.1 M) was added n-BuU (1 .2 equiv) at -78 °C. and 
the resulting mixture was stirred at this temperature for 10 min. Tri-n-butyltin chloride (1 .2 
equiv) was then added, and the reaction mixture was stirred at -78 °C for a further 10 min 
and then warmed up to 25 °C over a period of 1 h. The reaction mixture was diluted with 
hexanes and passed through silica with 20% EtOAc in hexanes. The crude product was pu- 
rified by flash chromatography (silica gel pre-treated with triethylamine, 5% Et20 in he- 
xanes) to afford stannane 362 in 85% yield. 

To a solution of silyl ether 362 (1 .0 equiv) in THF (0.1 M) was added TBAF (1 .0 M in THF, 
1 .2 equiv) at 25 °C and the reaction mixture was stirred for 20 min at this temperature. 
Hexanes were added, and the mixture was passed through silica with EtOAc. Evaporation 
of solvents gave alcohol 363 in 95% yield. 

Synthesis of compound* 364-367 as Illustrated In Figure 53. Compounds 364-367 were 
exactly prepared according to Oondoni et a!. Synth9Sia, 1986, 757-760. 

Synthesis of 2-< -Acetoxy-pentylH-(trimethyl-stannyl)-thlaiole 371 as Illustrated In 
Figure 53. To a solution of 2,4-dibromothiazole (358; 1 .0 equiv) in /-P^NH (0.5 M) was 
added 4-pentyn-1-ol (2.0 equiv). tetrakis(triphenylphosphine)paJladium(0) (0.05 equiv) and 
Cul (0.1 equiv). The reaction mixture was then heated at 70 'C tor 2 h and after cooling to 
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25 °C the solvents were removed under reduced pressure. Purification by flash column 
chromatography (silica gel, 10% /E 75% EtOAc in hexanes) provided the desired alcohol 

368 in 83% yield. 

A solution of alcohol 388 (1 .0 equiv) and Pt02 (0.1 equiv) in EtOH (0.1 M) was stirred at 25 
°C under an atmosphere of hydrogen for 4 h, until the disappearance of starting material 
was indicated by 1 H NMR. Subsequent filtration through a short plug of silica, washing with 
EtOAc, and removal of the solvents under reduced pressure afforded the desired alcohol 

369 (100%). 

A solution of alcohol 389 in pyridine-acetic anhydride (1:1; 0.1 M) was stirred at 25 °C for 2 
h, after which TLC indicated completion of the reaction. The reagents were then removed 
under reduced pressure. Purification by flash column chromatography (silica gel, 10% /E 
40% ether in hexanes) gave the desired acetate 370 in 90% yield. 

A solution of acetate 370 (1 .0 equiv) in degassed toluene (0.1 M), was treated with hexa- 
methylditin (10 equiv) and tetrakis(triphenylphosphine)palladium(0) (0.1 equiv). The mixture 
was then heated to 1 00 °C for 3 h, after which TLC indlctated disappearance of the aryl bro- 
mide. The. reaction mixture was cooled to 25 °C and purified by flash column chromatogra- 
phy (silica gel, 50% ether in hexanes containing NB3) to afford the desired stannane 371 in 
93% yield. 

Synthesis of 2.PlperidinyMHWmrthyl«tanny0thlazole 373 as Illustrated In Figure 83. 

2,4-Dibromothiazole (388; 1 .0 equiv) was dissolved in piperidine (0.5 M) and the reaction 
was warmed to 50 °C for 8 h, upon which completion of the reaction was indicated by TLC. 
The mixture was poured into water and extracted with ether (2 x). Drying (MgS04) and eva- 
poration of the solvents gave 2-piperidtnyl-4-brornothiazole 372, which was isolated after 
flash column chrarrtatography (silica gel, 5% EtOAc in hexanes) in 100% yield. 

2 Piperidinyl-4-broniotniazole (372, 1 .0 equiv) was taken up in degassed toluene (0.1 M). 
and hexamethylditln (10 equiv) and tetraWs(triphenylphosphine)paJladium(0) (0.1 equiv) 
were added. The mixture was then heated to 80 °C for 3 h, after which TLC indicated die- 
appearance of the aryl bromide. The reaction mixture was poured into saturated aqueous 
NaHC03 solution and extracted with ether, washed with water and with saturated aqueous 
NaCI solution (120 mL). The organic extract was dried (Na2S04) and the solvents and the 
excess hexamethylditin were removed under reduced pressure. Flash column chromato- 
graphy (silica gel. 5% NEt3 in hexanes) provided 2-pioeridinyt-4-(trimethylstannyi)thiazole 
373 in 100% yield. 
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Synthesis of 2-ThlonwthyM-(trimsthylstannyl)thiszole 375 as illustrated In Figure 83. 

2,4-Dibromothiazole (388; 1.0 equiv) was dissolved in ethanol (0.1 M) and treated with 
sodium thiomethoxide (3.0 equiv). The reaction mixture was stirred at 25 °C for 3 h, upon 
which completion of the reaction was indicated by 1 H NMR. The mixture was poured into 
water and extracted with ether (2 x). Drying (MgS04) and evaporation of the solvents gave 
2-thiomethyi-4-bromothiazole 374, which was isolated, after flash column chromatography 
(silica gel, 5% EtOAc in hexanes), in 92% yield. 

2-Thiomethyl-4-bromothiazole (374) was taken up in degassed toluene (0.1 M), and was 
then treated with hexamethytdltin (10 equiv) and tetrakis(triphenylphosphine)palladium(0) 
(0.1 equiv) at 80 °C for 3 h according to the procedure described for the synthesis of 2-pi- 
peridinyl-4-(trimethylstannyl)thiazole (373), to yield, after flash column chromatography (si- 
lica gel. 5% NEt3 in hexanes), 2-toiophenyi-4-(tomethyl3tannyl)thiazole (378; 100%). 

Synthesis of Compounds 378-377 and 378-378 as Illustrated In Figure 83. Compounds 
376-377 are commercially available from AWrlch. Compounds 378-379 are exactly prepa- 
red according to Dondoni et al. Synthesis, 1888, 757; Raynaud et al. Bull. Soc. Chim. Ft. 
1962, 1735. 

Synthesis of 2-Thiophenyl-4-(trimethytstannyf)thiazole 381 as Illustrated In Figure 83. 

2,4-Dibromothiazole (388; 1 .0 equiv) was dissolved in ethanol (0.1 M) and treated with thio- 
phenol (3.0 equiv) and solid sodium hydroxide (3.0 equiv). The reaction mixture was hea- 
ted at 45 °C for 4 h, upon which completion of the reaction was indicated by TLC. The mix- 
ture was poured into water and extracted with ether (2 x). Drying (MgS04) and evaporation 
of the solvents gave 2-thiopheny1-4-bromothiazole 380, which was isolated after flash co- 
lumn chromatography (silica get, 5% EtOAc in hexanes) in 84% yield. 

2-Thiophenyl-4-broniothiazole (380; 1 .0 equiv) was taken up in degassed toluene (0.1 M). 
and was then treated hexamethyiditin (10 equiv) and tetrakis(triphenylphosphine)palla- 
dium(0) (0.1 equiv) at 80 *C for 3 h according to the procedure described for the synthesis 
of 2-piperidiny1^(trirnelhy1atanny1)thiazole (373), to yield, after flash column chromatogra- 
phy (silica gel, 5% NEts In hexanes), 2-thiophenyl-4-(trimethylstannyOthia20le (381; 100%). 

Synthesis of 2-EthyM-(trimethylstanny1)thla20le 384 as Illustrated In Figure 53. A 

solution of 2.4-dibromothiazole (388; 1.0 equiv). tributyl(vinyl)tin (1.1 equiv) and tetrakla- 
(triphenylphosphine)palladium(O) (0.1 equiv) in degassed toluene (0.1 M) were heated at 
1 1 0 °C for 20 min, after which completion of the reaction was shown by TLC. The reaction 
mixture was poured into saturated aqueous NaHC03-NaO solution and extracted with ether 
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(2 x). The organic extract was dried (Na2S04). and the solvents were removed under re- 
duced pressure to yield, after purification by preparative thin layer chromatography (silica 
gel, 5% EtOAc in hexanes), 2-viny1-4-bromothiazole 382 in 96% yield. 

Vinylthizaole 382 (1 .0 equiv) was taken up in ethanol (0.1 M) and treated with Adam's ca- 
talyst (PT02. 0.05 equiv) and hydrogen (1 atm) for 4 h at 25 °C. in accordance with the pro- 
cedure describing the hydrogenation of compound 388, to yield, after purification by prepa- 
rative thin layer chromatography (silica gel, 5% EtOAc in hexanes), 2-ethy1-4-bromothiazole 
383 in 100% yield. 

2-Ethyl-4-bromothiazole (383; 1 .0 equiv) was taken up in degassed toluene (0.1 M), and 
was then with treated hexamethylditin (10 equiv) and tetrakis(triphenylphosphine)palladi- 
um(0) (0.1 equiv) at 80 8 C for 3 h according to the procedure described for the synthesis of 
2-piperidinyl-4-(trimethylstannvl)thiazole (373), to yield, after flash column chromatography 
(silica gel, 5% NEt3 in hexanes). 2-ethyM-(trimethylstannyl)thiazole (384) in 100% yield. 

Synthesis of 2-Dimethytamlno-4-tremthy1stannylthiazo»e 386 as Illustrated In Figure 83. 

2,4-Dibrornothiazole (388; 1.0 equiv) was dissolved in DMF (0.1 M) and heated at 150-160 
°C for 8 h, upon which completion of the reaction was indicated by TLC. The mixture was 
poured into water and extracted with ether (2 x). Drying (MgS0 4 ) and evaporation of the 
solvents gave 2-dimethylamino-4-bromothiazole 388, which was isolated after flash column 
chromatography (silica gel. 5% EtOAc in hexanes) in 89% yield. 

. 2-Dimethylaminc-4-bromothiazole (385; 1 .0 euqiv) was taken up in degassed toluene (0.1 
M), and was then treated with hexamethylditin (10 equiv) and tetrakis(triphenylphdsphine)- 
palladium(O) (0.1 equiv) at 80 *C for 3 h according to the procedure described for the syn- 
thesis of 2-piperidinyM.(trimethylstannyl)thiazole (373). to yield, after flash column chro- 
matography (silica gel. 5% NEt3 in hexanes). 2-diimtf»ylamino-4-(fr^^ 
(386; 100%). 

Synthesis of 2-Acstoxyinethyl^methylsUnnyf)thlazols 388 ss Illustrated In Figure 

53. Alcohol 360 (1 .0 equiv) was taken up in pyridine-acetic anhydride (1 :1 ; 0.2 M) at 25 
•C and stirred at this temperature for 3 h. in accordance with the procedure for the forma- 
tion of acetate 370. to give, after purification by flash column chromatography (silica gel, 5% 
EtOAc in hexanes). 2-acetoxymethyW-brornothiazole (387) in 95% yield. 

2-Acetoxymethyl-4-bromothiazole (387) was taken up in degassed toluene (0.1 M), and was 
then treated hexamethylditin (10 equiv) and telrakis(triphenylphosphine)paJladium(0) (0.1 
equiv) at 80 °C for 3 h according to the procedure described for the synthesis of 2-p.peridi- 
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nyl-4-(trimethylstannyt)thiazole (373), to yield, after flash column chromatography (silica gel, 
5% NEt3 in hexanes), 2-acetoxymethyl-4-(trimethylstannyl)thiazole (388; 100%). 

Synthesis of 2-FluoromethyM-(trlmethylstannyf)thia2ole 390 as Illustrated in Figure 

53. A solution of alcohol 380 in CH2CI2 (0.1 M) was added via syringe to a cold (—78 °C) 
solution of diethylaminosulfur trifluoride PAST, 1.1 equiv) in CH2CI2 (0.1 M). The reaction 
was allowed to warm slowly to 25 °C, and was then quenched by addition of saturated 
aqueous NaHC03 solution. The organic layer was separated and washed with saturated 
aqueous NaCI solution. After drying (MgS04) and evaporation of the solvent under reduced 
pressure, purification by flash column chromatography (silica gel, 5% EtOAc in hexanes) 
resulted in 2-flubromethyM-bromothiazole (389) in 88% yield. 

2-FluoromethyM-bromothiazole (389; 1 .0 equiv) was taken up in degassed toluene (0.1 M), 
and was then treated with hexamethylditin (10 equiv) and tetrakis(triphenylphosphine)palla- 
dium(O) (0.1 equiv) at 80 °C for 3 h according to the procedure described for the synthesis 
of 2-piperidinyl-4-(trimethylstannyl)thiazole (373), to yield, after flash column chromatogra- 
phy (silica gel, 5% NEt3 in hexanes). 2-fluoromethvl-4-(trimethylstannvl)thiazoie (390) in 
100% yield. 

Synthesis of 1 -Methy1-2-(trimethy1st8nnyf)lmlda20ls 391 as Illustrated In Figure 53. To 

a solution of 1-methylimidazole (1.0 equiv) in ether (0.1 M) was added n-BuU (1.2 equiv) at 
-78 °C, and the resulting mixture was stirred at this temperature for 10 min. Trimethyltin 
chloride (1 .2 equiv) was then added, and the reaction mixture was stirred at -78 *C for 10 
more min and then warmed up to 25 °C over a period of 1 h. The reaction mixture was di- 
luted with hexanes and passed through silica with 20% EtOAc in hexanes. The crude pro- 
duct was purified by flash chromatography (silica gel pre-treated with triethylamine, 5% 
Et20 in hexanes) to afford stannane 391 in 85% yield. 

General Procedure for Stllle Coupling with Epothllone analogs as Illustrated In Figure 
52 and compounds found In Figures 54-58 • General Procedure A. A solution of vinyl 
iodide (1 .0 equiv. da- or <nws«compound), sryl stannane (2.0 equiv) and tetrakis(triphenyl- 
phosphine)palladium(0) (0.1 equiv) in degassed toluene (0.1 M) was hsated at 100 8 C for 
30-40 min. The reaction mixture was poured into saturated aqueous NaHC03-NaCI solu- 
tion and extracted with EtOAc. The organic extract was dried (Na2S04). and the solvents 
were removed under reduced pressure to yield, after purification by preparative thin layer 
chromatography (250 um silica gel plate. 75% ether in hexanes), the corresponding epo- 
thilone analogs (see Table for yields). 



WO 98/25929 



PCT/EP97/07011 



-121 - 



General Procedure B. A solution of vinyl iodide (1 .0 equiv, as- or trans-compound), aryl 
stannane (2.0 equiv) and palladium(ll) bis(benzonitrile) dichloride (0.1 equiv) in degassed 
DMF (0.1 M) was stirred at 25 °C for 10 h. The reaction mixture was poured into saturated 
aqueous NaHC03-NaCI solution and extracted with EtOAc (2 x). The organic extract was 
dried (Na2S04), and the solvents were removed under reduced pressure to yield after puri- 
fication by preparative thin layer chromatography (250 urn silica gel plate, 75% ether in 
hexanes) the corresponding epothilone analogs (see Table for yields). 

Synthesis of epoxide 356B from 356A ae illustrated In Figure 56. Conditions exactly as 
that of the conversion from 1 1 0 to 1 1 1 as shown in Figure 14 (see above). 

Synthesis of alcohol 392 as illustrated In Figure 68. Trttyl deprotection Method A. To a 

stirred solution of trttyl ether 264(1 equiv.) in CH2CI2 /MeOH (1 :1 . 0.1 M) at 0°C was added 
camphor sulfonic acid (1 equiv.) and the mixture allowed to warm to room temperature. Af- 
ter stirring for 2 hours, EfcN (1 .5 equiv.) was added and solvent removed in vacuo. Rash 
chromatography afforded the product 392 as a colorless oil (70%). 

Method B. To a stirred solution of trityl ether 264 (1 equiv.) in MeOH/CH2Cl2 (10:1 . 0.1 M) 
was added PFTS (1 equiv.). The reaction was stirred for 72 hours before solvent was re- 
moved in vacuo. Filtration through a plug of silica gel gave the product 392 as a colorless 

oil (60%). 

Method C. To the trityl ether 264 (1 equiv.) at 0 °C was added a mixture of ethentormic 
acid (1 :1 , 0.2M). After stirring for 1 hour, the reaction was quenched with saturated aque- 
ous sodium bicarbonate. The layers were separated and the aqueous phase extracted with 
ether. The combined organic extracts were dried (MgS04), tittered and concentrated in 
vacuo. Rash chromatography gave the product 392 as a colorless oil (65%). 

Synthesis of compound 393 as Illustrated In Rgure 58. Ruorination of allyllc alcohol 
392. to a stirred solution of allyfic alcohol 393 (1 equiv.) In CH2CI2 at -78 °C was added di- 
ethylamino sulfurtrtfluoridt PAST, 1 equiv.). The reaction was then allowed to warm slowly 
to room temperature before being quenched with saturated aqueous sodium bicarbonate 
solution. The layers were separated and the aqueous phase extracted with CH2CI2. The 
combined organic extracts were dried (MgS0 4 ). filtered and concentrated in vacuo. Rash 
chromatography gave the fluoride 393 as a colorless oil (30%). 

Synthesis of compound 394 as Illustrated In Rgure 58. Compound 394 was prepared 
using conditions exactly as described for the conversion of 121 to 71 (vida supra) in Rgure 
18. 
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Synthesis of compound 398 a« Illustrated In Figure 58. Compound 398 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 1 6. 

Synthesis of compound 398 as illustrated In Figure 88. Chlorlnation of allylic alcohol 

392. To a solution of allylic alcohol 392 in CCU (0.1 M) was added PPh3 (2.5 equiv.). The 
reaction was then heated to reflux for 1 8 hours. After cooling to room temperature, the sol- 
vent was removed in vacuo and the resulting residue filtered through a plug of silica gel to 
provide the chloride 398 as a colorless oil (90%). 

Synthesis of compound 397 as illustrated In Figure 88. Compound 397 was prepared 
using conditions exactly as described for the conversion of 121 to 71 (see above) in Figure 
18. 

Synthesis of compound 398 as Illustrated in Figure 88. Compound 398 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (see above) in Figure 16. 

Synthesis of compound 399 ss Illustrated In Figure 89. O-alkylatlon of allylic alcohol 

392. To a suspension of sodium hydride (1 .2 equiv.) in THF (0.1 M) was added a solution of 
the allylic alcohol 392 in THF. After stirring for 30 minutes, a solution of the alkyl halide in 
THF (1 .0M; alkyl halide can be selected from the group consisting of iodmethane, iodo- 
ethane, 2-iodopropane, 1-iodobutane, 1-iodopropane, benzyl iodide and allyl iodide; com- 
mercially available from Aldrich/ Sigma) was added and the resulting mixture was stirred 
until TLC indicated completion of the reaction. Saturated aqueous ammonium chloride 
solution was added and the layers were separated. The aqueous phase was extracted with 
ether and the combined organic extracts were dried (MgSC-4). filtered and concentrated in 
vacuo. Flash chromatography gave the ether product 399. 

Synthesis of Trio! 400 as Illustrated In Figure 59. Compound 399 (1 equiv.) was treated 
with a 30 % solution of HFpyridine In THF. After stirring for 24 hours, the reaction was 
quenched by pouring Into saturated sodium bicarbonate solution. The layers were separa- 
ted and the aqueous phase extracted with ether. The combined organic extracts were dried 
(MgSO«), filtered and concentrated in vacuo. Rash chromatography gave 400 (78%). 

Synthesis of compound 401 ss Illustrated In Figure 89. Compound 398 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 16. 

Synthesis of epoxide 403 ss Illustrated In Figure 80. To a solution of 9.55g (53.6 mmol) 
of alcohol 402 and .25 equiv of D-(+)diisopropyi tartrate in 0.1 Molar of dichloromethane 
was added. The solution was cooled to -30 °C and .2 equiv of freshly distilled titanium te- 
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traisopropoxide was added. The dear solution was stirred at - 20 °C tor 30 min, and an ali- 
quot was quenched for capillary QLC analysis. After an additional 5 min of stirring at -20°C, 
2.0 equiv of a 1 .5 M solution of ter-butyl hydroperoxide in 2,2,4-tJmethylpentane was added 
over 1 0 min. The resulting mixture was stirred at 20 °C for 3h after which the reaction was 
quenched by pouring into saturated sodium bicarbonate solution. The layers were separa- 
ted and the aqueous phase extracted with ether. The combined organic extracts were dried 
(MgSCM), filtered and concentrated in vacuo. Flash chromatography gave 403. 

Sythesis of esters 404. Method 1 . To a stirred solution of 403 (1 equiv.) in THF (0.1 M) 
was added triethylamine (1.1 equiv.) and the required anhydride (1.1 equiv. ((RCO)20) 
selected from the group consisting of acetic anhydride, chloroacetic anhydride, propionic 
anhydride, trifluoroacetic anhydride, isobutyric anhydride; commercially available from 
Aldrich/ Sigma). After stirring for 2 hours, the reaction was quenched with saturated aque- 
ous sodium bicarbonate solution. The layers were separated and the aqueous phase ex- 
tracted with ether. The combined orgainc extracts were dried (MgS04), filtered and con- 
centrated in vacuo. Flash chromatography gave 403. 

Synthesis of esters 404. Method 2 as illustrated In Figure 60. To a stirred solution of 
403 (1 equiv) in CH2CI2 (0.1 M) was added triethylamine (1 .1 equiv.) and the required acid 
chloride (1 .1 equiv. selected from the group consisting of pivaloyl chloride, cyclopropanecar- 
bonyl chloride, cyclohexanecarbonyl chloride, acryloyl chloride, benzoyl chloride, 2-furoyl 
chloride, N-benzoyl-(2R,3S)-3-phenyiisoserine, cinnamoyl chloride, phenyiacetyi chloride, 2- 
thiophenesulfonyl chloride; commercially available from Aldrich/ Sigma). After stirring for 2h, 
the reaction was quenched with saturated aqueous sodium bicarbonate solution. The layers 
were separated and the aqueous phase extracted with ether. The combined orgainc ex- 
tracts were dried (MgS04), filtered and concentrated in vacuo. Flash chromatography gave 



Synthesis of thioether 408 as Illustrated In Figure 60. To a stirred solution of ailylic alco- 
hol 392 (1 equiv.) in THF (0.1 M) was added the required disulfide (2 equiv.) followed by 
tribytul phosphite (2 equiv.). After stirring for 4 hours ths reaction was quenched with brine 
and the layers were separated. The aqueous phase was extracted with ether and the com- 
bined organic extracts were dried (MgS04), filtered and concentrated in vacuo. Rash chro- 
matography gave the thioether 406 . 

Synthesis of compound 406 ss Illustrated In Figure 60. Compound 406 was prepared 
using conditions sxactiy as described for the conversion of 121 to 71 (vida supra) in Figure 
18. 
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Synthesis of compound 407 as Illustrated In Figure 60. Compound 407 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 16. 

Synthesis of compound 408. Tosytatlon of allyllc alcohol 392 as Illustrated In Figure 

61. To a stirred solution of allylic alcohol 392 (1 equiv) in CH2CI2 (0.1 M) at 0 8 C was added 
Et3N (4.0 equiv) followed by tosyl chloride (2.0 eqiuv). The reaction mixture was warmed to 
room temperature and stirred until complete as determined by TLC. Saturated ammonium 
chloride solution was added and the layers were separated. The aqueous phase was ex- 
tracted with ether and the combined organic extracts were dried, (MgSC*), filtered and con- 
centrated in vacuo. Flash chromatography gave the tosylate 408. 

Synthesis of azlds 409 as illustrated in Figure 61 . To a stirred solution of tosylate (1 
equiv.) 408 in DMF was added sodium azide. The reaction was stirred for some hours. Sa- 
turated ammonium chloride solution was added and the layers were separated. The aque- 
ous phase was extracted with eteher and the combined organic extracts were dried 
(MgS04), filtered and evaporated in vacuo. Flash chromatography then provided the azide 
409. 

Synthesis of dlol 410 as Illustrated In Figure 61. Azide (1 equiv.) 409 was treated with a 
30% solution of Hfpyridine in THF. After stirring for 24 hours, the reaction was quenched by 
pouring into saturated sodium bicarbonate solution. The layers were separated and the 
aqueous phase extracted with ether. The combined organic extracts were dried (MgS04), 
filtered and concentrated in vacuo. Rash chromatography gave 410. 

Synthesis of amine 411 as illustrated In Figure 61. To a stirred solution of azide 411 (1 
equiv.) in a mixed solvent system of THF:H 2 0 (1:1. 0.1M) was PPh3. The reaction was stir- 
red for 4 hours before being poured into saturated brine. The layers were separated and 
the aqueous phase extracted with ether. The combined orgainc extracts were dried 
(MgS04), filtered and concentrated in vacuo. Rash chromatography gave 41 1 . 

Synthesis of amides 412 as Illustrated In Figure 61 . Method 1 . To a stirred solution of 
amine 41 1 (1 equiv.) in THF (0.1 M) was added triethylamine (1 .2 equiv.) and the required 
anhydride (1 .1 equiv. ((RCO)20) selected from the group consisting of acetic anhydride, 
chloroacetic anhydride, propionic anhydride, trifluoroacetic anhydride, isobutyric anhydride; 
commercially available from Aidrich/ Sigma). After stirring for 4 hours, the reaction was 
quenched with saturated aqueous sodium bicarbonate solution. The layers were separated 
and the aqueous phase extracted with ether. The combined orgainc extracts were dried 
(MgS04). filtered and concentrated in vacuo. Flash chromatography gave 412. 



WO 98/25929 



-125- 



PCT/EP97/07011 



Amides 412. Method 2. To a stirred solution of amine 411 (1 equiv) in CH2O2 (0.1 M) was 
added triethylamine (1.2 equiv.) and the required acid chloride (1.1 equiv. selected from the 
group consisting of ph/aloyl chloride, cyclopropanecarbonyt chloride, cyclohexanecarbonyl 
chloride, acryloyl chloride, benzoyl chloride, 2-furoyf chloride, N-benzoyl-(2R,3S)-3-phenyl- 
isoserine, cinnamoyl chloride, phenylacetyl chloride, 2-thiophenesulfonyl chloride; commer- 
cially available from AldricfV Sigma). After stirring for 4 hours, the reaction was quenched 
with saturated aqueous sodium bicarbonate solution. The layers were separated and the 
aqueous phase extracted with ether. The combined orgainc extracts were dried (MgSCU), 
filtered and concentrated in vacuo. Rash chromatography gave 412. 

Synthesis of compound 413 as Illustrated in Figure 61. Compound 413 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 16. 

Synthesis of Aldehyde 414. Oxidation of Alcohol 403 as Illustrated In Figure 62. To a 

solution of alcohol 403 (1 .0 equiv.) in CH2CI2 (0.1 M) was added at -78 °C TEMPO (2,2,6,6- 
tetramethyl-1-piperidinyloxy, free radical.) (0.008 M solution in CH2CI2, 1.5 equiv), KBr (0.2 
M aqueous solution, 0.1 equiv), and NaOCI (0.035 M solution in 5% aqueous NaHC03, 1.0 
equiv). After stirring for 0.5 h, the organic layer was dried (MgS04), filtered and concentra- 
ted under reduced pressure. Purification by preparative chromatography provided aldehyde 
414 (75%). 

Synthesis of carboxylic Acid 415. Oxidation of Aldehyde 414 as Illustrated In Figure 

62. Aldehyde 414 (1 equiv.), fiuOH (0.1 M). isobutylene (3.0 equiv.), H2O (0.02M), NaCI02 
(3.0 equiv.) and NaH2P04 (3 equiv.) were combined and stirred at room temperature for 
1 h. The reaction mixture was concentrated under reduced pressure and the residue was 
subjected to flash column chromatography to afford carboxylic acid 415. 

Synthesis of ester 418. Coupling of add 415 with different alcohols snd amines as 
Illustrated In Figure 62. A solution of add 415 (1 .0 equiv), 4-(dimethylamino)pyridine (4- 
DMAP, 0.1 equiv) and alcohol or amine selected from the group consisting of methanol, t- 
butanoi, i-propanol. phenol, benzyl alcohol, furfuryiamine N-benzoyl-(2R3S)-3-phenyliso- 
serine. dimethyl amine, diethyl amine, benzyl amine (1 .0 equiv) In CH2CI2 (0.3 M) was 
cooled to 0 oc and then treated with 1 ^thyl-(3-dimemylaminopropyO-3H»rbodiimide hy 
drochloride (EDC, 1 .2 equiv). The reaction mixture was stirred at 0 °C for 2 h and then at 
25 °C for 5 h. The solution was concentrated to dryness in vacuo, and the residue was 
taken up in EtOAc (10 mL) and water (10 mL). The organic layer was separated, washed 
with saturated NH4CI solution (10 mL) and water (10 mL) and dried (MgS0 4 ). Evaporation 
of the solvents followed by flash column chromatography resulted in pure ester 416. 
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Synthesis of variable ring size Compounds shown In Figure 68. Synthesized according 
to the procedure as described above as shown in Figures 12-19 using 1015, 1016, 1033, 
1035 (synthesis shown) instead of 75; see conditions in the description of Figures for Fig. 
68. 

Synthesis of variable ring size Compounds shown In Figure 69. Synthesized according 
to the procedure as described above as shown in Figures 12-19 using 1015, 1016, 1033, 
1035 (synthesis shown) instead of 75; see conditions in the description of Figures for Fig. 
69. 

Synthesis of variable ring size Compounds shown In Figure 70. Synthesized according 
to the procedure as described above as shown in Figures 12-19 using 1015, 1016, 1033, 
1 035 (synthesis shown) instead of 73; see conditions in the description of Figures for Fig. 
70. 

Synthesis of Compound 100k as shown In Figure 72. Diol 414 (1 .0 equiv) was dissolved 
in CH2CI2 (0.1 M), the solution was cooled to 0 °C and EfcN (10 equiv) was added. After 
stirring for 5 min, chloro trimethylsilane (5.0 equiv) was added dropwise and the reaction 
mixture was allowed to stir at 0 °C for 1 h, and then at 25 °C for 1 1 h, after which time no 
starting alcohol was detected by TLC. Methanol (2 mL) was added at 0 ©C and the solvent 
was removed under reduced pressure. Flash column chromatography provided pure 2000 
(67%).Next, methyltriphenylpnosphonium bromide (1.5 equiv) was dissolved in THF (0.2 M) 
and the solution was cooled to 0 °C. Sodium hexamethyldisilylamide (NaHMDS, 1.4 equiv) 
was slowly added and the resulting mixture was stirred for 15 min before aldehyde 2000 
(1 .0 equiv) was added at the same temperature. Stirring was continued for another 0.5 h at 
25 °C and then, the reaction mixture was quenched with saturated aqueous NH4CI solution. 
Ether was added and the organic phase was separated and washed with brine, dried 
(MgS04) and concentrated under vacuo. The crude product was purified by flash column 
chromatography to afford olefin 2001 (75%). The deprotection of compound 2001 to com- 
pound 1000K' was done in 99%, according to the procedures described above (using 
HF pyridinepyridineTHF mixture). 

• 

Synthesis of Compound 2003 ae shown In Figure 73. To a stirred solution of alcohol 403 
(1 equiv) in CH2CI2 (0.1 M) at 0 °C was added Et3N (4.0 equiv) followed by tosyl chlorids 
(2.0 equiv) and DMAP (0.1 equiv). The reaction mixture was warmed to room temperature 
and stirred until complete as determined by TLC (1 h). Saturated ammonium chloride solu- 
tion was added and the layers were separated. The aqueous phase was extracted with 
ether and the combined organic extracts were dried, (MgS0 4 ). filtered and concentrated in 
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vacuo. Flash chromatography gava tha tosylate 2002 (85%). Next, To a stirred solution of 
tosylate (1 equiv) 2002 In acetone (0.1 M) was added sodium iodide. The reaction was stir- 
red for 1 2 hours. Saturated ammonium chloride solution was added and the layers were 
separated. The aqueous phase was extracted with ether, and the combined organic ex- 
tracts were dried (MgS04), filtered and evaporated in vacuo. Rash chromatography then 
provided the iodide 2003 (85%). 

Synthesis of Compound 1000n aa Illustrated In Figure 74 To a solution of allylte alcohol 
392 in Et20 (0.1 M) was added Mn02 (5.0 equiv.). The reaction was then stirred for 3 hours 
at 25 °C. The suspension was filtered through a plug of cellta to provide after flash column 
chromatography, compound 2004 aa a colorless oil (85%). Next, To a stirred solution of tri- 
methylsilyl diazomethane (1 .5 equiv.) in THF (0.1 M) at -78 °C was added n-BuU (1 .3 
equiv.). The solution was stirred at the same temperature for 1 h prior addition of aldehyde 
2004 (1 .0 equiv.). Stirring was maintained for another hour at -78 °C, and the solution was 
then allowed to warm slowly to 0 °C before being quenched with saturated aqueous sodium 
bicarbonate solution. The layers were separated and the aqueous phase extracted with 
CH2CI2. The combined organic extracts were dried (MgS04). filtered and concentrated in 
vacuo. Flash chromatography gave the compound 2005 as a colorless oil (75%). The de- 
protection of compound 2005 to afford 1000n was done in 91%, according to the procedure 
described vida supra (using HFpyridine in THF). 

Synthesis of Compound 1001' aa Illustrated In Figure 75. To a stirred solution of com- 
pound 2005 (1 .0 equiv.) in ethyiacetate (0.1 M) at 25 °C was added under argon. Lindlar 
catalyst (0.1 equiv.). The solution was than stirred at tha same temperature under an atmo- 
sphere of hydrogen (H2) for 0.25 h or until reaction was completed. The suspension was fil- 
tered over ceilte and the solution concentrated in vacuo. Rash chromatography gave the 
compound 2006 aa a colorless oil (30%). The deprotection of compound 2008 to afford 
2007 was dona in 90%. according to the procedure described for the synthesis of dtol 2007 
(using HF pyridine in THF). Rnally. the oxidation was carried out identically as that of epo- 
thilone B synthesis to provide 1001 0*). 

Synthesis of epoxide 2008. Epoxide 2008 was prepared from 392 using the same condi- 
tions as that of conversion of compound 402 to 403 with the use of (-) dlethyl-L-tartrata in- 
stead of (*) diethyl-D-tartrate) wherein compound 2008 was obtained in 76% yield. 
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Synthesis of allylie Alcohol 2009. To a stirred solution of 2008 in a mixed solvent system 
of MeCNrether (3:1 , 0.1 M) at 0 °C was added triphenylphosphine (2.5 eq.) and iodine (1 .2 
eq.)- After stirring at this temperature for 1 hour, the reaction was quenched with water and 
the layers were separated. The aqueous phase was extracted with ether (3 times) and the 
combined organic extracts then washed with saturated aqueous Na2S203 solution. After 
drying (MgS04), the organic solution was filtered and concentrated in vacuo. Rash chro- 
matography provided the allylie alcohol 2008. 

Synthesis of stannane 2010. To a stirred solution of allylie alcohol 2008 in THF (0.1 M) at 
RT was added solid palladium hydroxide (0.2 eq.) followed by very slow addition of BuaSnH 
(1 .5 eq.). After stirring for one hour, the solvent was removed in vacuo, and the residue fil- 
tered through silica gel to give 2010. 

Synthesis of cyclopropvt compound 201 1 . To a stirred solution of stannane 2010 in 
CH2CI2 (0.1 M) at -1 5 C was added triethyiamine (4 eq.) followed by methane surtenyl 
chloride (2 eq.). After stirring at this temperature for 1 hour, the reaction was quenched by 
the addition of saturated aqueous sodium bicarbonate solution. The layers were separated 
and the aqueous phase extracted with CH2O2 (3 times). The combined organic extracts we- 
re dried, filtered and concentrated in vacuo. Rash chromatography gave the product 2011. 

Synthesis of cyclopropane epothllone A 2012. Product 2011 was deprotected as descri- 
bed previously for the conversion of 2001 to 1000k* using HF*pyr in THF. 
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What ja claimed is: 

1 . A compound represented by the following structure (formula (I)): 




(I) 



wherein n is 1 to 5; either R* is -ORi andR~is hydrogen, or R* and togejbeifbrm_a. 
further bond so that a double, bondjs prmnnt hntween.the.jwQ carbon atoms carryjng_R* 
and R**; R 1 is a radical selected from the group consisting of hydrogen or methyl, or a 
protecting group; R2 is a radical selected from the group consisting of hydrogen, methylene 
and methyl; R3 is a radical selected from the group consisting of hydrogen, methylene and 
methyl; R 4 is a radical selected from the group consisting of hydrogen or methyl, or is a 
protecting group; Re is a radical selected from the group consisting of hydrogen, methyl, - 
CHO. -COOH. -C0 2 Me, -C0 2 (fert-butyl). -C0 2 (/so-propyl), -C0 2 (phenyl), -C0 2 (benzyl). - 
CONH(furfuryl), -C0 2 (AH>erac-(2R,3S)-3-phenyliso3erine), -CON(methyl) 2 , -CON (ethyi) 2 . - 
CONH(benzyl), -CH«CH 2 , HCSC- . ano^CH^ , ; R, , is a radical selected from the 

group consisting of -OH, -O-Trityl, -O-fCj-Ce alkyl), -(0,-Ce alkyl), -O-benzyl, -O-allyl, 
-O-COCH3, -O-COCH2CI. -O-COCH2CH3, -O-COCF3, -0-C0CH(CH3) 2 , -0-CO-C(CH3) 3 , 
-0-CO(cyclopropane),-OCO(cyclohexane), -0-COCH=CH 2 . -O-CO-Phehyl, -0-(2-furoyl). 
•a(/^benzo-<2a3S)^pnenylisoserine). -O-dnnamoyl, -O-(acetyl-phefiy0r-O-(2-thlophene- 
surtonyi), -S^-Ce aJkyl). -SH, -S-Phenyl, -S-Bemyl. -S-furfuryl, -NH 2 . -N 3 , -NHCOCH3, 
-NHCOCH2a, -NHCOCH 2 CH 3 , -NHCOCF 3 , -NHCOCH(CH3) 2 . -NHCO-C(CH 3 ) 3 , 
-NHCO(eydopiopan«)..NHCO(cyclohexane). -NHCOCH-CH 2 , -NHCO-Phenyl, -NH(2-fu- 
royl). -NH-(A^benzo-(2R,3S)-3-phenylisoserine), -NH-(cinnamoyl). -NH-(acetyl-phenyl), -NH- 
(2-thiophenesulfonyQcf. -CH 2 C0 2 H and methyl; R^isjtoent, methylene, or - 
oxygen; R 7 is hydrogenjsRa is a radical selected from the group represented by the for- 
mulas: 
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wherein Rx is acyt; 
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R 12 is a radical selected from the group consisting of hydrogen, methyl or a protecting 
group, preferably ferfrbutyldiphenylsilyl, fert-butyldimethylsilyl, trimethylsilyl, acetyl, benzoyl, 
ferf-butoxycarbonyl and a group represented by any one of the following formulae: 

o o 




or a salt thereof where a salt-forming group is present; 

where, in the above structures, "a" can be either absent or a single bond; "b" can be either a 
single or double bond; "c" can be either absent or a single bond; *d a can be either absent or 
a single bond, and the following provisos pertain: 

a. If R 2 is methylene, then R3 is methylene; 

b. if R 2 and R 3 are both methylene, then ' a ■ is a single bond; 

c. if R 2 and R 3 are selected from the group consisting of hydrogen and methyl, then 
the single bond " a ■ is absent; 

d. if n is 3, R 2 i» methyl, R3 is methyl. R5 is selected from the group consisting of 
methyl and hydrogen, R fl is oxygen, R 7 is hydrogen, R 8 is represented by the 
formula; 




wherein R» is hydrogen, and Rio is represented by the formula 

then Ri and R 4 cannot both be simultaneously hydrogen or methyl or acetyl; 

e. if Re is oxygen, then 'c' and 'd' are both a single bond and V is a single bond; 

f . if R 6 is absent, then V and "d" are absent and "b' is a double bond; and 

g. if 'b' is a double bond then Fig, "c', and 'd* are absent 
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2. A compound of the formula I according to claim I, wherein n, a, b, c, d, Ri, R a , Ra. R* Rs. 
Ra, R 7 and R 8 have the meanings given in claim I, or a salt thereof where a salt-forming 
group is present, with the exception of a compound of the formula I wherein 
nis3; 

R, is hydrogen, methyi, acetyl, benzoyl, triaJkyl silyl or benzyl; 
R a is methyi; 
Ra is methyl; 

R4 is hydrogen, methyl, acetyl, benzoyl, trialkyl silyl or benzyl; 
R s is hydrogen or methyl; 
Ra is O or 

Ra is absent and a is a double bond; 
Rr is hydrogen; 



Ra is a radical of the formula 



r 



wherein 

R» is a radical selected from the group consisting of hydrogen and methyl; 
and R 1 0 is a radical represented by the formula: 

•3 

N 

3. A compound according to claim I, represented by formula II, 





(II). 



wherein n is one to five, 

R, is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
R4 is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
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R 9 is a radical selected from the group consisting of hydrogen, methyl, -CHO, -COOH, 
C0 2 Me, -CO^fert-butyl), -C0 2 (/so-propyl), -C0 2 (phenyl), -C0 2 (benzyl), -CONH(furfuryl), - 
C0 2 (/*berizo-(2R,3S)-3-phenylisoserine), -CON(methy0 2 , -CON(ethyl) 2 , -CONH(benzyl). - 
CH 2 R 1 i -CH=CH 2 and HC=C- ; where R-| 1 is a radical selected from the group 

consisting of -OH, -O-Trityl, -0-(C.j -Cq alkyl), -O-benzyl, -O-allyl, -O-COCH3, -0-COCH 2 CI, 
-0-COCH 2 CH 3 , -0-COCF 3 , -0-COCH(CH3) 2 , -0-CO-C(CH3) 3 , -0-CO(cyclopropane),- 
OCO(cyclohexane), -0-COCHsCH 2 , -O-CO-phenyl, -O-(2-furoy0. -0-(AAbenzo-(2R,3S)-3- 
phenylisoserine). -O-cinnamoyl, -O-(acetyl-phenyl), -O-(2-thiophenesulfony0, -S-(C.,-C 6 
alkyl). -SH, -S-Phenyl, -S-Benzyl, -S-furfuryl, -NH 2 , -N 3 , -NHCOCH3, -NHCOCH 2 CI, 
-NHCOCH 2 CH 3 , -NHCOCF 3 , -NHCOCH(CH 3 ) 2 , -NHCO-CfCBjk. -NHCO(cycloprbpane). 
-NHCO(cydohexane), -NHCOCH*CH 2 , -NHCO-phenyl, -NH(2-furoyO, -NH-(AM>enzo- 
(2R,3S)-3-phenyllso8erine), -NH-(cinnamoyl), -NH-(acetyl-phenyl) t -NH-(2-thiophenesul- 
fonyl). -F, -CI, I, CH 2 C02 H, -(C^ alkyl) and methyl; 
and Rio is a radical selected from the group represented by the formulae: 
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then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl. 

4. A compound of the formula II according to claim 3, wherein the compound has the 
formula Ha 




PR, 

wherein n is 3 and Ri, R* ft and R, 0 are as defined in claim 3, or a salt thereof where a 
salt-forming group is present 

5. A compound according to claim 3 of the formula 
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wherein R t0 is as defined in claim 3 and R 8 is -CHaF, -CHjCI, CHaOOCCH 3 , -CHjCHj or - 
CH=CH 2 . 

6. A compound according to claim 5 of the formula 




wherein R, is -CHjP. -CHad, CHaOOCCHj, -CHjCH, or -CH«CH* 
7. A compound according to claim 1 of the formula III, 

«8 




(III) 



OR, 



wherein n preferably is one to five; 

R, is a radical selected from the 1 group consisting of hydrogen, methyl or a protecting group, 
FU is a radical selected from the group consisting of hydrogen, methyl or a protecting group. 
R» is a radical selected from the group consisting of hydrogen, methyl. -CHO, -COOH. - 
C0 2 Me, -C0 2 (ferM>utyl). -C0 2 (/*o.propyl). -C0 2 (phenyl). -CC^tbenryl). -CONH(furfuryl). - 
C0 2 (/V.ben20.(2R.3S)-3-phenyllsoserine). -CON(methy0 2 . -CON(ethyl) 2 . -CONH(benzyl), 
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and -CH 2 R-j 1 ,;or in a broader aspect also from -CH=CH 2 and HC2C- ; where R-j <\ is a 

radical selected from the group consisting of -OH, -O-Trityl. -0-(C-| -Cg alkyl), -O-benryl, -O- 
allyl, -O-COCH3, -0-COCH 2 CI, -O-COCH2CH3, -0-COCF 3 , -0-COCH(CH3) 2 . 
-0-CO-C(CH3) 3 , -0-CO(cyclopropane),-OCO(cyclohexane) I -0-COCH=CH 2 , 
-O-CO-phenyl, -0-(2-furoyl). -0-(/V-benzo-(2R,3S)-3-phenytisoserine), -O-cinnamoyl, 
-0-(acetyl-phenyl). -0-(2-thiophenesuHbnyl). -S-tCfCg alkyl), -SH, -S-Phenyl, -S-Benzyl, - 
S-furfuryl. -NH 2 , -N 3 , -NHCOCH3, -NHCOCH^, -NHCOCH 2 CH 3 , -NHCOCF 3 , 
•NHCOCH(CH 3 ) 2 , -NHCO-C(CH 3 ) 3 , -NHCO(cyclopropane),-NHCO(cyclohexane), 
-NHCOCHsCH 2 , -NHCO-phenyl, -NH(2-furoyl), -NH.(A^berizo-(2R,3S)-3-phenyli30serine), 
-NH.(cinnamoyO. -NH-(acetyl-phenyl), -NH-(2-thiophenesultonyl), -F, -CI, -I, CH 2 C0 2 H ; and 
from -(C-j-Ce alkyl) and methyl; 

and Rio is a radical selected from the group represented by the formulae: 
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with the proviso that if Rs is either methyl or hydrogen and R 10 is represented by the 
following formula: 



v-O- 

N 

then fli and R4 cannot simultaneously be hydrogen or methyl or acetyl; 
or a salt thereof if a sart-froming group is present 

8. A compound of formula III according to claim 7 wherein Rs is -CH2F, -CH2CI, 
CHjOOCCHa, -CHaCHs or -CH=CH a the double bond with the wavered line is in cis form and 
the remaining moieties are as defined in claim 7. 

9. A compound according to claim 1 of the formula IV 




wherein R t is a radical selected from the group consisting of hydrogen, methyl or a 
protecting group, 

R4 is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
R s is a radical selected from the group consisting of hydrogen and methyl, 
Rio is a radical selected from the group represented by the formulae: 
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N 




N 




S 



N 




OH 



N 



s 




N 



-o 





wherein Rx is acyf ; 



Ra is a radical selected from hydrogen and methyl; 

R a is hydrogen and methyl; and R» is hydrogen or methyl; 

with the following provisos that 

if R, and R, are hydrogen or methyl, then the single bond "a" is absent; and if Rs is methyl 
or hydrogen and Rio is represented by the formula 

•3 




then R, and R* cannot simultaneously be hydrogen or methyl or acetyl; 
or a salt thereof If a salt-froming group is present 
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1 0. A compound according to claim 1 of the formula V 




(V) 



wherein Ri is a radical selected from the group consisting of hydrogen, methyl or a 
protecting group, 

R« is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
R s is a radical selected from the group consisting of hydrogen and methyl, 
Rio is a radical selected from the group represented by the formulae: 




! 
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r^^r — 

and I IJ wherein Rx is acyl; 



R 3 is a radical selected from hydrogen, methylene or methyl; 

R 2 is hydrogen, methylene or methyl; and R9 is hydrogen or methyl; 

with the following provisos that 

if R 3 is methylene, then R a is methylene; if R 3 and R a are methylene, then R 3 and R 2 are 
chemically bonded to each other through a single bond "a"; if Rs and R a are hydrogen or 
methyl, then the single bond "a" is absent and if R» is methyl or hydrogen and R10 is 
represented by the formula 

then R1 and R4 cannot simultaneously be hydrogen or methyl or acetyl. 

1 1 . A macrolactonization procedure for synthesizing epothilone and epothilone analogs 
represented by the following structure: 




0 




(VI) 



wherein R t is a radical selected from the group consisting of hydrogen, methyl or a 
protecting group, especially selected from the group consisting of tert-butyldimethylsilyl, 
trimethylsilyl, acetyl, benzoyl and tert-butoxyearbonyt, R« is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butyldimethylsilyl, trimethylsilyl, acetyl, benzoyl and tert-butoxy- 
carbonyl. R» is a radical selected from the group consisting of hydrogen, methyl, -CH r OH, 
CHaCI or -CHaCOaH, or (further or alternatively to the preceding moieties) is -CHaF, 



WO 98/25929 



•141 • 



PCT/EP97/07011 




-CH=CH a or HC=C- , and R«> is a radical selected from the group represented by the 
formulae: 

H ^ — ;and; ^ — .wherein said 
N N 

synthesis is initiated by condensing a keto acid represented by the following formula: 

0(^0 o 

with an aldehyde represented by the following structure: 

ft 




wherein Ru is a protecting group, for producing a carboxylle acid with a free hydroxyl moiety 
represented by the following structure: 

ft 




the synthesis is then continued by derivatizing the free hydroxyl moiety of the above 
carboxylle add with a derivatizing agent represented by the formula R*-X wherein R4-X is a 
reactive reagent for introducing a protecting group or methyl iodide, for producing a 
protected or derivatized carboxylle acid represented by the following structure 

ft 




0 < 
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the R» protected hydroxyl moiety of the above derivatized carboxylic acid is then 
regioselectively deprotected for producing a hydroxy acid with the following structure 




the above hydroxy acid is then macrolactonized for producing a macrolide with the following 
structure: 




the synthesis is then completed by epoxldlang the above macrolide for producing the 
epothilone or epothilone analog of the formula VI. 

1 2. A method of synthesis for epothilone B according to claim 1 1 , characterized in that the 
starting materials with the corresponding substltuents, where required, in protected form, 
are used, and any protecting group or groups is or are removed. 

13. A method employing a macrolactonization approach for synthesizing a compound of the 
formula X 



(X) 




OR, O 
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wherein each of Ri and FU is, independently of the other, hydrogen, methyl or a protecting 
group. fl 9 is a radical selected from the group consisting of hydrogen, methyl. -CHO, 
-COOH, -C0 2 Me, -C0 2 (fert-butyl), -CQ 2 (jso-propyl), -C0 2 (phenyi), -C0 2 (benzyl), 
-CONH(furfuryl), -C0 2 (/^benzo-(2R,3S)-3-phenylisoserine), -CON(methy0 2 , -CON (ethyl) 2 . 
-CONH(benzyl), -CH»CH 2 , HCSC- . and •CH 2 R 1 1 ; R 1 ^ is a radical selected from the 

group consisting of -OH, -O-Trityl, -CM^-Ce aSk ^> < C V C G ^kyl), -0-benzyl, -O-allyl, 
-O-COCH3. -0-COCH 2 CI, -0-COCH 2 CH 3 , -O-COCF3. -0-COCH(CH3) 2 . -0-CO-C(CH3) 3 , 
-0-CO(cyclopropane),-OCO(cyclohexane), -0-COCH*CH 2 , -O-CO-Phenyl. -0-(2-furoyl), 
-0-(A^benzo-(2R,3S)-3-phenyliso8erine), -O-cinnamoyl, -0-(acetyl-phenyl), -0-(2-thk>phene- 
sulfonyO, -S^-Ce alkyl), -SH, -S-Phenyl, -S-Benzyl, -S-furfuiyl, -NH 2 , -N 3 , -NHCOCH3, 
-NHCOCH 2 a. •NHCOCH 2 CH3, .NHCOCF3. .NHCOCH(CH3) 2 . -NHCO-C(CH3) 3 , 
-NHCO(cyclopropane).-NHCO(cyclohexane). -NHCOCH=CH 2 . -NHCO-Phenyl, -NH(2-fu- 
royl). -NH-(AAbenzo-(2R,3S)-3-p*enyiisoserine), -NH-(cinnamoyO, -NH-(acetyl-phenyl), -NH- 
(2-thiophenesulfonyl), -F, -CI, I. -CH 2 C0 2 H and methyl; and R w is one of the radicals of the 
formulae 



wherein the synthesis is initiated by condensing a ketone of the formula 

wherein R. is hydrogen or methyl or a protecting group; with an aldehyde of the formula 





wherein R„ is a protecting group for producing a p-hydroxy ketone, with a free hydroxyl 
moiety and a R, 9 protected hydroxyl moiety, of the formula 
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0 OR, OR,, 

the free hydroxy! moiety of this p-hydroxy ketone is then derivatized with a derivatizing 
agent R4-X wherein R4-X is a reactive agent for the introduction of a protecting group, or 
methyl iodide or methyl sulfate, for producing a protected or derivatized p-hydroxy ketone of 
the formula 




OR,, 

O OR, OR,, . 
the Ris protected hydroxyl moiety of this protected or derivatized p-hydroxy ketone is then 
regioselectively deprotected for producing a terminal alcohol with the following structure: 




O OR, OH . 
this terminal alcohol is then oxidized for producing a derivatized carboxylic acid with a R,. 
protected hydroxyl moiety of the formula 
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this compound is then deprotected regioselectively by removal of the protecting group R 1S to 
yield a hydroxy acid of the formula: 




this hydroxy acid is then macrolactonized to yield a macrolide of the formula 

O OR, O . 

and the synthesis is then completed by epoxidizing the above macrolide for producing the 
epothilone compound of the formula X, or a salt thereof where salt-forming groups are 
present, any substltutents in the intermediates have the meanings given under formula X, if 
not mentioned otherwise. 

1 4. The process according to daim 1 3 for the synthesis of epothilone B characterized in 
that the starting materials with the corresponding substituents, where required, in protected 
form, aro used, and any protecting group or groups is or are removed. 

1 5. A process for synthesizing an epothilone analog, or a salt thereof, having an epoxide 
and an aromatic substitutent wherein a first epothilone intermediate and an aromatic 
stannane are coupled by means of a Stille coupling reaction to produce a second 
epothilone intermediate, and said first epothilone intermediate is represented by the 
following structure: 
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(XI) 



O OR, 0 

wherein Rs is methyl or hydrogen, while Ri and R4 are, each independently of the other, 
selected from hydrogen, methyl or a protecting group, and the aromatic stannane is a 
compound represented by one of the following structures: 



n-BUjSn 




// 



OH 



N 



n-Bu,i 




' Me,Sn 




N 




N 



' : fvBu,Sn^C3 : 

N S 



Me,Sn 




O-Rx 



N 



' M«,Sn 



J 1 ^ • 



Me,Sn 




N 
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yielding a second epothilone intermediate represented by the following structure: 



o or, o 

wherein R, 0 is a radical represented by any one of the following formulae: 
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O-Rx 



N 



y--^""^ ; and (in a broader aspect of the invention) 



N 



^4- 



NH 




i n ; 



N 




; and 




wherein Rx is acyi, especially lower alkanoyl, such as acetyl; 



and wherein the other moieties are as defined under formula XI, 



and, in a second step of this process, the cis olefin of the second epothiione intermediate 
epoxidized to produce the epothiione analog represented by the following structure: 

ft 



(XIII) 




O OR, 0 



wherein R,, FU and R 9 are as defined under formula XI, while R*> is as defined under 

« 

formula XII; and, if desired, any protecting group(s) can be removed. 



WO 98/25929 



1/60 



PCT/EP97/07011 




FIGURE 2 



WO 98/25929 PCT/EP97/0T011 

2/60 



13 14 



° i - i 



1f 



B) 



1» 



C) 

it it — !„ 

21:R-M -J° 



FIGURE 3 




FIGURE 5 




31 



4/60 




FIGURE 6 



WO 98/25929 PCT/EP97/07011 

5/60 




WO 98/25929 



6/60 



PCT/EP97/07011 




FIGURE 10 
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in methylene chloride) to provide hydroxy acid 72 (203 mg, 78%) as a yellow oil: Rf = 0.40 
(silica gel, 5% MeOH in methylene chloride). 

Synthesis of Hydroxy Acid 107 as Illustrated in Figure 14. Selective Desilylation of tris- 
(Silyl) Ether 106. Carboxylic acid 106 (150 mg, 0.18 mmol) was converted to hydroxy acid 
107 (107 mg, 82%) according to the procedure described above for 72. . 

Synthesis of Lactone 108 as Illustrated In Figure 14. Macrolactonization of Hydroxy Acid 
72. A solution of hydroxy acid 72 (200 mg, 0.28 mmol) in THF (4 mL) was treated at 0 °C 
with EtsN (0.23 mL. 1.68 mmol, 6.0 equiv) and 2,4,6-trichlorobenzoyl chloride (0.22 mL, 
1 .40 mmol, 5.0 equiv). The reaction mixture was stirred at 0 °C for 1 5 min, and then added 
to a solution of 4-DMAP (342 mg, 2.80 mmol, 10.0 equiv) in toluene (140 mL) at 25 °C and 
stirred at that temperature for 0.5 h. The reaction mixture was concentrated under reduced 
pressure to a small volume and filtered through silica gel. The residue was washed with 
40% ether in hexanes. and the resulting solution was concentrated. Purification by flash 
column chromatography (silica gel, 2% MeOH in methylene chloride) furnished lactone 108 
(1 78 mg, 90%) as a colorless oil. 

Synthesis of Lactone 109 as illustrated in Figure 14. Macrolactonization of Hydroxy Acid 
107. The cyclization of hydroxy acid 107 (100 mg, 0.14 mmol) was carried out exactly as 
described for 108 above and yielded lactone 109 (84 mg, 85%) as a colorless oil. 

Synthesis of Dlhydroxy Lactone 70 and 110 as illustrated In Figure 14. To lactone 108 
(50 mg, 0.071 mmol). cooled to -20 °C. was added a freshly prepared 20% (v/v) CF,COOH 
solution in methylene chloride (400 mL). The reaction mixture was allowed to reach 0 °C 
and was stirred for 1 h at that temperature. The solvents were evaporated under reduced 
pressure and the crude product was purified by preparative thin layer chromatography (si- 
lica gel, 6% MeOH in methylene chloride) to afford pure dihydroxy lactone 70 (31 mg, 92%); 
110 is prepared in a likewise manner as shown in Figure 14. 

Synthesis of 6S f 7R-Epothilonea 111 and 112 ss Illustrated In Figure 14. Synthesized 
according to the procedure as described via supra for 1 using 70 or 1 10 instead of 1 . 

Synthesis of Oleflnlc Compound 1 15 as illustrated In Figure 18. Phosphonium salt 79 
(9.0 g, 1 2.93 mmol, 1 .5 equiv; vida supra) was dissolved in THF (90 mL) and the solution 
was cooled to 0 °C. Sodium bis(trimethylsilyl)amide (NaHMDS, 1 .0 M solution in THF, 1 2.84 
mL, 12.84 mmol, 1 .48 equiv) was slowly added and the resulting mixture was stirred at 0 °C 
for 1 5 min. The reaction mixture was then cooled to -20 °C before ketone 78 (2.23 g, 8.62 
mmol. 1 .0 equiv) in THF (1 0 mL) was added and the reaction mixture was stirred at the 
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same temperature for 12 h. Saturated aqueous NH 4 CI solution (50 mL) was added and the 
mixture was extracted with ether (200 mL). The organic phase was washed with brine (2 x 
100 mL), dried (MgS0 4 ) and concentrated to afford, after flash column chromatography (si- 
lica gel, 2% ether in hexanes) , olefins 1 1 5 (3.8g. 73%, Z:E ca. 1 :1 by 1 H NMR). 

Synthesis of Hydroxy Olefins 116 as illustrated In Figure 16. Desilylation of Silylether 
1 1 5. Silylether 1 1 5 (3.80 g, 6.88 mmol) was dissolved in methylene chloride : MeOH (1:1, 

70 mL) and the solution was cooled to 0 °C prior to addition of CSA (1 .68 g, 7.23 mmol, 

1 .05 equiv) during a 5 min period. The resulting mixture was stirred for 30 min at 0 °C, and 
then for 1 h at 25 °C. EtuN (1 .57 mL, 7.23 mmol, 1 .05 equiv) was added, and the solvents 
were removed under reduced pressure. Rash column chromatography (silica gel, 50% 
ether in hexanes) furnished pure hydroxy compound 1 1 6 (2.9 g, 97%). 

Synthesis of Epothllone B (2) and analogs as Illustrated In Figure 16. Synthesized ac- 
cording to the procedure as described above as shown in Figure 14 for 1 1 1 and 112 using 

71 or 123 instead of 110. 

Synthesis of Aldehyde 75 as Illustrated In Figure 17. Synthesized in a similar manner 
according to the procedure as described for 101 via supra as shown in Figure 15 using a 
different order of substrate addition; see conditions in description of Figures. 

Synthesis of Lactone 121, 71, 2, 124 and 136 as Illustrated In Figure 16. Synthesized 
according to the procedure as described above as shown in Figure 16 using 75 instead of 
75'; see conditions in description of Figures. 

Synthesis of Carboxytic Add 119 as Illustrated In Figure 19. Synthesized according to 
the procedure as described above as shown in Figure 16 using 136 instead of 75'; see 
conditions in description of Figures. 

Synthesis of of aldehyde 149 as illustrated In Figure 21 Synthesized according to the 
procedure as described above as shown in Figure 13 for 77; see conditions in description of 
Figures. 

Synthesis of phosphonium resin 147 as illustrated In Figure 21. Step 1) Alkylation of 
Merrifield Resin: A solution of 1 ,4-butanediol ( 7.18 g. 80.0 mmol, 5.0 equiv.) in DMF (600 
mL) was cooled to 0 °C and sodium hydride (60 %, 3.20 g, 80.0 mmol, 5.0 equiv.) was 
added. The reaction mixture was stirred at O °C for 2 h and Merrifield resin (40.0 g, 16.0 
mmol. 1.0 equiv.) followed by n-Bu4NI (0.58 g, 1.60 mmol, 0.1 equiv.) were added. The 
reaction mixture was stirred at 23 °C for 20 h, then poured into a frit, and the polymer was 
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washed with MeOH (2 x 500 mL), DMF (500 ml), H20 at 80 oC (500 mL), DMF (500 ml), 
MeOH (500 mL), CHaO, (500 mL). Et^ (2 x 300 mL). The resin was dried under high 
vacuum to a constant weight of 40.8 g. 

Step 2) Conversion of alcohol resin. A suspension of resin from above step 1 (40.8 g, 16.0 
mmol, 1 .0 equiv.) in CH 2 CI 2 (700 mL) at 23 °C was treated with PhsP (20.9 g, 80.0 mmol, 
5.0 equiv.), imidazole (6.46 g, 80.0 mmol, 5.0 equiv.) and iodine (16.0 g, 64.0 mmol, 4.0 
equiv.). The reaction mixture was stirred at 23 °C for 3 h, then poured into a frit, and the po- 
lymer was washed with CHjCIj (500 mL), MeOH (500 mL), CHjOa (500 mL), MeOH (500 
mL), CH2CI2 (500 mL), Et 2 0 (2 x 300 mL). The resin was dried under high vacuum to a 
constant weight of 42.6 g. 

Step 3) Reaction of iodo resin formed in step 2 with Ph 3 P. A suspension of iodo resin 
(42.6 g, 1 6.0 mmol, 1 .0 equiv.) in DMF (200 mL) at 23 °C was treated with Ph,P (41 .9 g, 
160 mmol, 10 equiv.). The reaction mixture was stirred at 90 °C for 12 h, then poured into a 
frit, and the polymer was washed with DMF at 80 °C (3 x 500 mL), CHjCIa (500 mL), DMF 
(500 mL), Et 2 0 (3 x 500 mL). The resin was dried under high vacuum to a constant weight 
of 46.61 g. 

Synthesis of Yllde resin 148 as Illustrated In Figure 21 Deprotonation of Phosphonim re- 
sin 147: A suspension of resin 147 (15.0 g, 5.1 1 mmol, 1.0 equiv.) in a mixture of DMSO (50 
mL) THF (35 mL) at 23 °C was treated with a 1 M solution of NaHMDS in THF (15.3 mL, 
15.3 mmol, 3.0 equiv.). The reaction mixture was stirred at 23 °C for 12 h, then canulated 
into a Schlenk frit, and the polymer was washed under argon with THF (3 x 1 00 mL). 

Synthesis of resin 180 as Illustrated In Figure 21 Wtttig reaction of ylide resin 1 48 with al- 
dehyde 1 49 (vida supra). A solution of aldehyde 149 (2.50 g, 10.22 mmol, 2.0 equiv.) in 
THF (25 mL) was cooled at -78 °C and added to the freshly prepared resin 1 48 (5.1 1 mmol, 
1 .0 equiv.) via canula. The resulting suspension was shaken at 23 °C for 3h, and the super- 
natant was filtered off. The polymer was washed with THF (1 00 ml), MeOH (100 mL), 
CHjClj (100 mL), MeOH (100 mL), CHaOa (100 mL), EtjO (2 x 100 mL). The resin was dried 
under high vacuum to a constant weight of 1 4. 1 2 g. 

Synthesis of resin 148 as Illustrated in Figure 21 Step 1) Desilytation of resin 150 with 
HF Pyridine complex. Resin 150 (14.0 g, 5.05 mmol, 1 .0 equiv.) was suspended in THF 
(1 35 mL) and treated at 0 °C with HFPyridine complex (1 5 mL). The mixture was allowed to 
warm to 23 °C and shaken for 1 2 h. The suspension was poured into a frit and the polymer 
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was filtered, washed with THF (100 mL), CHaCIa (100 mL), MeOH (100 mL), CHaQj (100 
mL), Et 2 0 (2 x 100 mL) and dried under high vacuum to give 13.42 g of deprotected resin. 

Step 2) Swern oxidation of deprotected resin. To an Oxalyl Chloride (2.56 g, 1 .76 mL, 20.0 
mmol, 4.0 equiv.) solution in CHaCIa ( 50 mL) at -78 °C was added dropwise DMSO ( 3.12 g, 
2.84 mL, 40.0 mmol, 8.0 equiv.). The solution was stirred at -78 °C for 1 h and canulated in- 
to a suspension of resin (13.26 g, 5.0 mmol, 1 .0 equiv.) in CHaCIa , previously cooled to 
•78 °C. The resulting mixture was stirred for an additional hour and treated with EfeN ( 6.25 
g, 8.0 mL, 62.5 mmol, 12.5 equiv.), allowed to warm to 23 °C and stirred for 1 h. The mixture 
was filtered and the polymer washed successively with CHjCIa (250 mL), MeOH (250 mL), 
CH 2 Cl a (250 mL), Et a O (2 x 300 mL), and dried under high vacuum to afford 13.25 g of resin 
145. 

Synthesis of resin 151 as Illustrated In Figure 21 Step 1) Enoiate formation. To a pre* 
cooled solution of LDA (6.60 mmol, 4.4 equiv.) obtained by treating diisopropyl amine (0.92 
ml, 6.60 mmol, 4.4 equiv.) in THF (25 mL) at 0 °C with n-butyilithium (1 .6 M solution in THF, 
4.12 mL, 6.60 mmol, 4.4 equiv.) was added a solution of ketoacid 144 (vida supra) (0.93 g, 
3.0 mmol, 2.0 equiv.) in THF (25 mL) at -78 °C via canula. The solution was allowed to 
warm to -40 °C and stirred for 1 h. 

Step 2) Aldoi reaction. A suspension of resin 145(4.0 g, 1 .50 mmol, 1 .0 equiv.), ZnCb (1 .0 
M solution in Et a O, 3.0 mL, 3.0 mmol, 2.0 equiv:) in THF (25 mL), was treated at -78 °C with 
the enoiate solution described above. The suspension was allowed to warm to -40 °C, stir- 
red for 2 h, quenched with saturated NH 4 Q aq. (8 mL) and neutralised at 23 °C with AcOH 
(0.76 mL, 1 3.2 mmol, 8.8 equiv). The mixture was poured into a frit, the polymer was wa- 
shed with THF (100 mL), EtaO (100 mL). CHaCIa (100 ml), HaO (100 mL), MeOH (100 mL). 
CHjCIa (1 00 mL), 1%TFAv/v in CHaCIa ( 3x75 mL), CHaCIa (2x100 mL). EtaO (2x100 mL) 
and dried under vacuum to afford 1 .98 of resin 1 51 . 

Synthesis of resin 182 at Illustrated In Figure 21. Esterification of resin 151 with alcohol 
1 43. A mixture of resin 151 ( 1.40 g. 0.46 mmol, 1 .0 equiv.), alcohol 143 (vide supra) ( 0.49 
g, 2.31 mmol. 5.0 equiv.). 4-DMAP (0.32 g, 2.31 mmol. 5.0 equiv.) and DCC (0.46 g. 2.31 
mmol, 5.0 equiv.) in CHaCIa (10 mL) was shaken al 23 °C for 15 h. The polymer was filtered, 
washed with CHjOj (2x50 mL), MeOH (2x50 mL). CHaCIa (2x50 mL). EtaO (2x50 mL) and 
dried under vacuum to afford 1 ,48 g of resin 1 52. 

Synthesis of 154 sa illustrated in Figure 21. Metathesis of resin 152. A suspension of 
resin 152 (500 mg) in CHaCIa (40 mL) was treated with Ws(tricydohexy!phosphine)benzyli- 
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dine ruthenium dichloride (RuCI2(=CHPh)(PCy3)2) (20 mg) and stirred at 23 °C for 48 h. 
The polymer was filtered and the filtrate was evaporated and purified by preparative thin 
layer chromatography (silicagel, 20 % ethyl acetate in hexanes) to give compounds 154, 
155, 156, 157 = ca: 3:3:1 :3. 52 % yield from the calculated loading of heterocycle in resin 
152. 

Synthesis of 157 and 158 as Illustrated In Figure 21. trans- Dihydroxy Lactone 157 and 
158. Desilylation of Compound 141 and 155. Sityl ether 141 or 155 (44 mg, 0.074 mmol) 
was treated with a freshly prepared solution of 20% (v/v) trifluoroacetic acid (TFAJ-CH^fe 
(7.4 mL, 0.01 M) to yield, after flash column chromatography (silica gel, 50% EtOAc in 
hexanes), trans-dihydroxy ester 157 or 158 (33 mg, 93%) 

Synthesis of Eposterones 159 and 1 as Illustrated In Figure 21. Epoxidation of cis-Hy- 
droxy Lactone 157 and 158. To a solution of cis-hydroxy lactone 157 and 158 (19 mg, 
0.039 mmol) in acetonitrile (390 mL, 0.1 M) is added a 0.0004 M aqueous solution of diso- 
dium salt of ethyienediaminetetraacetic acid (NajEDTA, 200 mL, 0.2 M) and the reaction 
mixture is cooled to 0 oC. Excess of 1 ,1 ,1-trifluoroacetone (80 mL, 0.5 M) is added, follo- 
wed by a portionwise addition of Oxone® (120 mg, 0.20 mmol, 5.0 equiv) and NaHCOs (26 
mg, 0.31 mmol, 8.0 equiv) with stirring, until the disappearance of starting material is detec- 
ted by TLC. The reaction mixture is then directly passed through silica gel and eluted with 
50% EtOAc in hexanes. Purification by preparative thin layer chromatography (250 mm 
silica gel plate, 70% EtOAc in hexanes) provides the diastereomeric eposterones 1 59 or 1 
(epothilone A). 

Synthesis of alcohol 163. Alfylboration of Aldehyde 162 as llluststrated In Figure 25. 

Aldehyde 162 (1 .0 equiv) was dissolved in anhydrous ether (0.3 M) and the solution was 
cooled to -100 °C. (+)-DiiscptrKxampheytallyt borane (1.2 equiv in pentane, prepared from 
(-)-lpc2BOMe and 1 .0 equiv of allyl magnesium bromide) was added dropwise under vigo- 
rous stirring, and the reaction mixture was allowed to stir for 1 h at the same temperature. 
Methanol was added at -100 °C, and the reaction mixture was allowed to warm up to room 
temperature. Amino ethanoi (10.0 equiv) was added and stirring was continued for 15 h. 
The work-up procedure was completed by the addition of saturated aqueous NH4CI solu- 
tion, extraction with EtOAc and drying of the combined organic layers with MgSO* Filtra- 
tion, followed by evaporation of the solvents under reduced pressure and flash column 
chromatography (silica gel, 35% ether in hexanes for several fractions until all the boron 
complexes were removed; then 70% ether in hexanes) provided alcohol 163 (91%). 
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Synthesis of hydroxy Estsrs 164 end 165. EDC Coupling of Carboxylic Acids 45 and 
46 and Alcohol 163 as illustrated In Figure 25. Synthesized according to the procedure as 
described above as shown in Figure 7 using 163 instead of 6; see conditions in the descrip- 
tion of Figures. 

Synthesis of 161, 170, 171 and 172. Synthesized according to the procedure as described 
above as shown in Figure 6 using 164 instead of 35 or 36; see conditions in the description 
of Figures. 

Synthesis of Epoxalones 177, 178, 179 and 180 as illustrated In Figure 27. 

Synthesized according to the procedure as described above as shown in Figure 6 using 
165 instead of 35 or 36; see conditions in the description of Figures. 

Synthesis of c/s»Bls(TBS) Ether 183 as Illustrated In Figure 29 A solution of alcohol 181 
(1 48 mg, 0.32 mmol) and 2,6-lutidine (560 ml, 4.8 mmol, 1 5 equiv) in CH2CI2 (3.2 mL, 0.1 
M), at 0 °C, is treated with fert-butyldimethylsilyl trifluoromethanesuifonate (TBSOTf, 735 
mL, 3.2 mmol, 1 0 equiv) and stirred at this temperature for 30 minutes, whereupon no star- 
ting material is detected by TLC. The reaction mixture is quenched by pouring it into satura- 
ted aqueous NH4CI (10 mL). Extractions with ether (2x10 mL), drying (MgS04) and con- 
centration is followed by flash chromatographic purification (silica gel, 7% EtOAc in hexa- 
nes) to provide bis(TBS)ether 183 (182 mg, 99%). 

Synthesis of trans-8is(TBS) Ether 184 as illustrated in Figure 29. Silylation of Alcohol 
1 82. In accordance with the procedure describing the silylation of alcohol 1 81 , a solution of 
alcohol 182 (77 mg, 0.17 mmol) and 2,6-lutidine (300 ml, 2.6 mmol, 15 equiv) in CHaCfe (1 .7 
mL, 0.1 M), at 0 •C, is treated with tert-butyldimethylsilyi trifluoromethanesuifonate (TBSOTf, 
390 mL, 1.7 mmol, 10 equiv) to provide bia(TBS)ether 183 (92 mg, 97%). 

Synthesis of ds-Atoohoi 185 as illustrated In Figure 29. A solution of TBS ether 183 
(1 82 mg, 0.31 mmoi) In MeOH (3.1 mL, 0.1 M) is treated with 1 0-camphorsulfonic add 
(CSA, 72 mg, 0.31 mmol, 1 .0 equiv) at room temperature for 12 h, until TLC indicates the 
disappearance of starting material. The mixture is then poured into into saturated aqueous 
NaHCO, (10 mL), extracted with ether (3 x 10 mL) and dried (MgSO*). Rash column chro- 
matography (silica gei, 20% EtOAc in hexanes) yields pure 185 (98 mg, 67%). 

Synthesis of trans-Alcohol 186 as Illustrated In Figure 29. In accordance with the pro- 
cedure describing the desilyiation of TPS ether 183, a solution of TPS ether 184 (31 mg, 
0.05 mmol) in methanol (1.6 mL, 0.1 M) was treated with 10-camphoraulfonic add (CSA, 37 
"mg, 0.16 mmol. 1 .0 equiv) to yield diol 186 (51 mg, 69%) as a crystalline sdkJ. 
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Synthesis of Carboxyllc seld 187 ss Illustrated In Figure 29 Ethyl bromopyruvate (1.66 
mL, 13.2 mmol, 1 equiv) and thloacetamide (1.05 g. 13 9 mmol, 1.05 equiv) are dissolved in 
95% aqueous ethanol (14 mL, 1 M) and heated at reflux for 5 minutes. Completion of the 
reaction is indicated by TLC. The reaction mixture is then cooled to room temperature, con- 
centrated in vacuo, suspended in CHCI3 (20 mL) and washed with saturated aqueous 
NaHCO» (2 x 20 mL) and with HaO (20 mL). Drying (MgS0 4 ) and concentration is followed 
by flash chromatographic purification (silica gel, EtOAc) to yield the corresponding ethyl 
ester of acid 7 (2.26 g, 100%). This ester is dissolved in THF-HaO (1:1; 14 mL, 1 M) and 
submitted to the action of lithium hydroxide (1 .66 g, 39.6 mmol, 3.0 equiv). After stirring at 
room temperature for 45 min TLC indicates the disappearance of starting material. The mix- 
ture is poured into H 2 0 (20 mL) and extracted with ether (2 x 20 mL). Acidification to pH - 2 
to 3 with aqueous 4 N HQ is followed by extractions with EtOAc (6 x 20 mL). Drying 
(MgS0 4 ) and concentration gives pure carboxytic acid 1 87 (1 .36 g, 72%). 

Synthesis of cis-Keto Ester 188 as Illustrated In Figure 29. EDC Coupling of Alcohol 
1 85 with, Thiazole Acid 187. A suspension of thiazole acid 187 (54 mg, 0.38 mmol, 2.0 
equiv), 4-(dimethylamino)pyridine (4-DMAP, 2.3 mg, 0.019 mmol, 0.1 equiv) and alcohol 
1 85 (88 mg, 0.19 mmol, 1 .0 equiv) in CHaCIa (3.8 mL, 0.05 M) is cooled to 0 °C and then 
treated with l-ethy1-(3-dinriethyl8jninopropyl)-3-carbodlimide hydrochloride (EDC, 109 mg, 
0.57 mmol, 3.0 equiv). The reaction mixture is stirred at 0 °C for 2 h and then at 25 °C tor 
1 2 h, until TLC indicates completion of the reaction. The solution is separated between 
EtOAc (10 mL) and water (10 mL). The aqueous layer is extracted with EtOAc (2x10 mL) 
and dried (MgS0 4 ). Evaporation of the solvents is followed by flash column chromatography 
(silica gel. 30% EtOAc in hexanes) results in pure keto ester 1 88 (1 02 mg, 92%). 

Synthesis of trans-Keto Ester 189 as Illustrated in Figure 29. By analogy to the procedu- 
re described above for the synthesis of keto ester 188, a solution of thiazole acid 187 
(28 mg, 0.198 mmol, 2.0 equiv). 4-dimethytaminopyridine (4-DMAP, 1 .2 mg, 0.0099 mmol, 
0.1 equiv). and alcohol 188 (46 mg, 0.099 mmol, 1.0 equiv) in CHaCIa (2.0 mL) is treated 
with 1 -ethyl-(3-dfmethy1amirwpropv0 hydrochloride (EDC, 57 mg, 0.297 

mmol, 3.0 equiv) to provide, after flash column chromatography (silica gei, 20% EtOAc in 
hexanes). keto ester 189 (49 mg, 84%). 

Synthesis of cis-Hydroxy Lactone 190 as. illustrated In Figure 29. Silyl ether 188 (95 mg, 
0.16 mmol) was treated with a freshly prepared solution of 20% (v/v) trifluoroacetic acid- 
CHaCIa (16 mL 0.01 M) at 0 °C. The reaction mixture was stirred at 0 °C for 45 min (com- 
pletion of the reaction by TLC), and then poured into sturated aqueous NaHCOa (50 mL), 
extracted with EtOAc (3 x 20 mL). dried over MgS04 and evaporated under reduced ores- 



WO 98/25929 



- 108- 



PCT/EP97/V7011 



sure. The crude reaction mixture was purified by flash column chromatography (silica gel, 
50% EtOAc in hexanes) to obtain cis-hydroxy lactone 190 (74 mg, 96%). 

Synthesis of trans-Oihydroxy Lactone 191 as Illustrated In Figure 29. SilyJ ether 189 (44 
mg, 0.074 mmol) was treated with a freshly prepared solution of 20% (v/v) trifluoroacetic 
acid rrFA)-CH 2 CI 2 (7.4 mL 0.01 M), according to the procedure described for cis-dihydroxy 
lactone 8, to yield, after flash column chromatography (silica gel, 50% EtOAc in hexanes), 
trans-dihydroxy ester 191 (33 mg, 93%). 

Synthesis of Eposterones 192 and 194 as Illustrated In Figure 29. To a solution of cis- 
hydroxy lactone 190 (19 mg, 0.039 mmol) in acetonitrile (390 mL, OA M) is added a 0.0004 
M aqueous solution of disodium salt of ethylenediaminetetraacetic acid (NaaEDTA, 200 mL, 
0.2 M) and the reaction mixture is cooled to 0 oC. Excess of 1 ,1 ,1-trifluoroacetone (80 mL 
0.5 M) is added, followed by a portionwise addition of Oxone® (120 mg, 0.20 mmol, 5.0 
equiv) and NaHCOa (26 mg, 0.31 mmol, 8.0 equiv) with stirring, until the disappearance of 
starting material is detected by TLC. The reaction mixture is then directly passed through 
silica gel and eiuted with 50% EtOAc in hexanes. Purification by preparative thin layer chro- 
matography (250 mm silica gel plate, 70% EtOAc in hexanes) provides the diastereomeric 
eposterones 192 (9.5 mg, 48%) and 194 (3.4 mg, 17%). 

Synthesis of Eposterones 193 and 196 as Illustrated in Figure 29. As described for the 
epoxidation of cis-hydroxy lactone 190, trans-hydroxy lactone 191 (22 mg, 0.046 mmol) in 
MeCN (460 mL, 0.1 M) was treated with a 0.0004 M aqueous solution of disodium salt of 
ethylenediaminetetraacetic acid (NaaEDTA 230 mL 0.2 M), 1 .1 ,1-trifluoroacetone (92 mL 
0.5 M), Oxone® (1 41 mg. 0.23 mmol, 5.0 equiv) and NaHC03 (31 mg, 0.37 mmol, 8.0 
equiv), to yield, after purification by preparative thin layer chromatography (250 mm silica 
gel plate, ether), eposterones 1 93 (7.3 mg. 32%) and 1 95 (5.2 mg, 23%). 

Synthesis of Eposterones 199, 200, 201, 202, 203, 204, 208, 206, 207, 208, 209 and 210 
as illustrated In Figure 30. By simple modification of the esterification step. i.e. replacing 
the thiazole carboxytic add 187 in Figure 29 with the known carboxylic acids found in epox- 
alone (198), eleutherobin (197) and taxoi (196), other members of the eposterone family 
can be created including the various isomers: 199, 200, 201, 202. 203, 204, 205, 206, 207, 
208, 209 and 210. 

Synthesis of Phosphonium Salt 220 as illustrated in Figure 31. Synthesized according 
to the procedure as described via supra as shown in Figure 1 2 using 211 instead of 88; see 
conditions in the description of Figures. 
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Synthesis of Intermedistee en route to and Lactone* 230 and 229 aa illustrated in 

Figure 33. Synthesized according to the procedure as described via supra as shown in 
Figure 1 4 using 220 instead of 79; see conditions in the description of Figures. 

Synthesis of Intermediates en route to and Epothllone 23 and 24 aa illustrated In 
Figure 33. Synthesized according to the procedure as described via supra as shown in 
Figure 1 4 using 220 as the initial phosponate instead of 79; see conditions in the descrip- 
tion of Figures. 

Synthesis of Nitrile 244 and intermediates en route to aa Illustrated in Figure 34. Syn- 
thesized according to the procedure as described via supra as shown in Figure 17 using 
217 instead of 82; see conditions in the description of Figures. 

Synthesis of Carboxylie Acid 249 and intermediates en rout* to aa Illustrated In Figure . 

35. Synthesized according to the procedure as described via supra as shown in Figure 1 9 
using 224 instead of 75; see conditions in the description of Figures. 

Synthesis of Hydroxy Add 250 ss Illustrated In Figure 35. Synthesized according to the 
procedure as described via supra as shown in Figure 18 using 249 instead of 119; see con- 
ditions in the description of Figures. 

Syntheeis of Lactone 229 aa illustrated In Figure 36. Synthesized according to the pro- 
cedure as described via supra as shown in Figure 18 using 250 instead of 73; see condi- 
tions in the description of Figures. 

Synthesis of Compound 252 aa Illustrated In Figure 37. Compound 251 , trityl chloride 
(2.0 eq.) and DMAP (1.1 eq;) were dissolved in DMF (0.1 M) and the reaction mixture hea- 
ted at 60 °C for 1 2 h. The solvent was removed under reduced pressure and flash column 
chromatography (silica gel, ether in hexanes) furnished pure 252. 

Synthesis of Primary Alcohol 253 as Illustrated In Figure 37. Selective Hydroboration of 
Olefinic Compound 252. Compound 252 was cooled to 0 °C. 9-BBN (7.0 mL, 0.5 M solution 
in THF, 3.5 mmol, 1 .2 equiv) was added, and the reaction mixture was stirred for 2 h at 
0 °C. Aqueous NaOH (7.0 mL, 3 N solution, 21 .0 mmol. 7.2 equiv) was added with stirring, 
followed by Ha0 2 (2.4 mL 30%, aqueous solution). Stirring was continued for 0.5 h at 0 °C, 
after which time the reaction mixture was diluted with ether (30 mL). The organic solution 
was separated and the aqueous phase was extracted with ether (2x15 mL). The combi- 
ned organic laysr was washed with brine (2 x 5 mL), dried (NaaS0 4 ) and concentrated in 
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vacuo. Rash column chromatography (silica gel, 50 to 80% ether in hexanes) furnished 
primary alcohol 254 (1.0 g, 91%). 

Synthesis of Iodide 254 as Illustrated In Figure 37. Iodide 254 (1 .1 8 g, 92%) was prepa- 
red from alcohol 253 (1 .0 g, 2.53 mmol) according to the procedure described above for 
219. 

Synthesis of Hydrazone 255 as illustrated In Figure 37. Alkylation of SAMP Hydrazone 
with Iodide 254. SAMP hydrazone (337 mg, 0.2 mmol, 2.0 equiv) in THF (2.5 mL) was ad- 
ded to a freshly prepared solution of LOA at 0 °C [diisopropyiamine (277 mL, 0.20 mmol, 
2.0 equiv) was added to n-BuU (1.39 mL, 1.42 M solution in hexanes, 0.20 mmol. 2.0 
equiv) in 2.5 mL of THF at 0 °C] at 0°C. After stirring at that temperature for 8 h, the resul- 
ting yellow solution was cooled to -100 °C, and a solution of iodide 254 (0.5 g, 0.99 mmol. 
1 .0 equiv) in THF (3 mL) was added dropwise over a period of 5 min. The mixture was al- 
lowed to warm to -20 °C over 10 h, and then poured into saturated aqueous NH 4 CI solution 
(5 mL) and extracted with ether (3 x 25 mL). The combined organic extracts were dried 
(MgSO<), filtered and evaporated. Purification by flash column chromatography on silica gel 
(20 to 40% ether in hexanes) provided hydrazone 255 (380 mg, 70%. de > 98% by 1H 
NMR) as a yellow oil. 

Synthesis of Nitrile 256 as Illustrated in Figure 37. Monoperoxyphthalic acid magnesium 
salt (MMPP*6H20, 233 mg, 0.38 mmol, 2.5 equiv) was suspended in a rapidly stirred mix- 
ture of MeOH and pH 7 phosphate buffer (1:1, 3.0 mL) at 0 °C. Hydrazone 255 (83 mg, 
0.15 mmol, 1 .0 equiv) in MeOH (1 .0 mL) was added dropwise, and the mixture was stirred 
at 0 °C until the reaction was complete by TLC (ca 1 h). The resulting suspension was pla- 
ced in a separating funnel along with ether (15 mL) and saturated aqueous NaHCO* solu- 
tion (5 mL). The organic layer was separated and the aqueous phase was extracted with 
ether (1 0 mL). The combined organic solution was washed with water (5 mL) and brine (5 
mL), dried (MgSO*) and concentrated. Rash column chromatography (silica gel. 50% ether 
in hexanes) afforded nitrile 256 (53 mg, 80%) as a colorless oil. 

Synthesis of Aldehyde 257 as Illustrated In Rgure 37. Nitrile 256 (53 mg, 0.1 2 mmol) 
was dissolved in toluene (2.0 mL) and cooled to -78 *C. DIBAL (245 mL, 1 M solution in to- 
luene, 0.22 mmol, 2.0 equiv) was added dropwise at -78 °C and the reaction mixture was 
stirred at that temperature until its completion was verified by TLC (ca 1 h). Methanol (150 
mL) and aqueous HCI (150 mU 1 N solution) were sequentially added and the resulting mix- 
ture was brought up to 0 °C and stirred at that temperature for 30 min. Ether (5 mL) and 
water (2 mL) were added, and the organic layer was separated. The aqueous phase was 
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extracted with ether (2x5 mL) and the combined organic solution was washed with brine (5 
mL), dried (MgS0 4 ), filtered and concentrated under reduced pressure. Flash column chro- 
matography (silica gel, 15% ether in hexanes) furnished pure aldehyde 257 (44 mg, 82%). 

Synthesis of Hydroxy Acid 263 and intermediates en route to, as illustrated In Figure 

38. Synthesized according to the procedure as described above as shown in Figures 16 
and 1 8 using 257 instead of 75; see conditions in the description of Figures. 

Synthesis of Epoxyde 266 and Intermediates en route to, as Illustrated In Figure 39. 

Synthesized according to the procedure as described above as shown in Figures 16 and 18 
using 257 as the starting substrated instead of 75; see conditions in the description of Fi- 
gures. 

Synthesis of Spirocyclopropane Ketoester 276 as Illustrated in Figure 41. Cyciopro pa- 
nation of Ethyl Propionylacetate 275. Ethyl propionyiacetate 275 (75.0 mL, 0.526 mol; 
Aldrich) was added to a solution of dry KjCOs (218.0 g, 1 .579 mol, 3.0 equiv) in DMF (526 
mL. 1 M) at ambient temperature. This mixture was treated with 1 ,2-dibromoethane (60.0 
mL, 0.684 mol, 1 .3 equiv) over a period of 1 5 min and then rapidly stirred for 15 h, after 
which time completion of the reaction was indicated by NMR. Following filtration through 
celite and washing with ether, the solvents were removed in vacuo. Vacuum distillation (bp 
64 °C / 6 mm Hg) of the crude product resulted in pure spirocyclopropane ketoester 276 
(53.9 g, 60%) as a colorless oil. 

Synthesis of Spirocyclopropane Ketoaldehyde 274 as Illustrated In Figure 41. UAJH4 
Reduction / Swem Oxidation of Spirocyclopropane Ketoester 276. To a solution of spiro- 
cyclopropane ketoester 276 (53.9 g, 0.316 mol) in ether (1 .5 L, 0.2 M) was added a solution 
of lithium aluminum hydride (LAH; 1 M solution in THF, 632 mL, 0.632 moi, 2.0 equiv) at 
-20 °C over a period of 2 h and the reaction mixture stirred at -20 °C tor 2 h. The reaction 
mixture was then diluted with ether (250 mL) and quenched by the sequential dropwise ad- 
dition of water (24 mL), 15% aqueous sodium hydroxide solution (24 mL) and additional wa- 
ter (72 mL). The resulting slurry was allowed to warm to 25 tt C over 1 0 h and the aluminum 
salts were removed by filtration through ceiite. The filtrate was dried (MgS04). and the sol- 
vent removed in vacuo to yield the crude diol (38.5 g, 93%). which was used in the oxidation 
step without further purification. An analytical sample was prepared by flash column chro- 
matography (silica gel, 33 to 50% EtOAc in hexanes). To a solution of oxalyl chloride (35.5 
mU 0.407 mol. 3.0 equiv) in CHjOa (360 mL) was added dropwise DMSO (38.5 mL, 0.543 
mol, 4.0 equiv) in CH2CI2 (100 mL) at -78 °C over 1 h. After stirring tor 35 min, a solution of 
crude diol (17.7 g, 0.136 mol) in CHaCIa (200 mL) was added dropwise at -78 *C over a pe- 
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